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PREFACE TO THE FOURTH 
RUSSIAN EDITION 


This book has been named Molecules. Many chapters 
from the second half of a previous book, Physics for 
Everyone, by Lev Landau and Alexander Kitaigorodsky, 
have been included without revision. 

The book is devoted mainly to a study of the structure 
of matter dealt with from various aspects. The atom, 
however, remains, for the time being, the indivisible 
particle conceived by Democritus of ancient Greece. 
Problems related to the motion of molecules are con- 
sidered, of course, because they are the basis for our 
modern knowledge of thermal motion. Attention has 
been given, as well, to problems concerning phase tran- 
sitions. 

In the years since the preceding edition of Physics 
for Everyone was published, our information on the 
structure of molecules and their interaction has been 
considerably supplemented. Many discoveries have been 
made that bridge the gaps between the problems dealing 
with the molecular structure of substances and their 
properties. This has induced me to add a substantial 
amount of new material. 

_A long overdue measure, in my opinion, is the ad- 
dition to standard textbooks of general information on 
molecules that are more complex than the molecules 
of oxygen, nitrogen and carbon dioxide. Up to the pres- 
ent time, the authors of most courses in physics have 
not considered it necessary to deal with more compli- 
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cated combinations of atoms. But giant molecules have 
become extremely common in our everyday life in the 
form of a great diversity of synthetic materials. A new 
science, molecular biology, has been founded to ex- 
plain the phenomena of living matter, using the language 
of protein molecules and nucleic acids. 

Likewise undeservedly omitted, as a rule, are problems 
concerning chemical reactions. Such reactions belong, 
however, to the physical process of the collision of mol- 
ecules, accompanying their rearrangement. It proves 
much simpler to explain the essence of nuclear reactions 
to a student or reader who is already acquainted with 
entirely similar behaviour of molecules. 

It was found expedient in revising the book to transfer 
certain parts of the previous Physics for Everyone to the 
subsequent books of this series. It was considered fea- 
sible, for instance, to refer only briefly to sound in the 
chapter on molecular mechanics. 

It was found advisable, in the same manner, to defer 
the discussion on the features of wave motion to the 
treatment of electromagnetic phenomena. 

As a whole, the four books of the new edition of Physics 
for Everyone (Physical Bodies, Molecules, Electrons, and 
Photons and Nuclei) cover the fundamentals of physics. 


April 1978 A. I. Kitaigorodsky 
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l. Building Blocks 
of the Universe 


Elements 


What is the world surrounding us made of? The first 
answers to this question which have reached us originat- 
ed in Ancient Greece more than 25 centuries ago. 

At first glance, the answers seem as strange as can 
be, and we would have to waste a lot of paper in order 
to explain to the reader the logic of the ancient sages— 
Thales, having asserted that everything consists of 
water, Anaximander, having said that the world is 
made of air, or Heraclitus, in whose opinion every- 
thing consists of fire. 

The incongruity of such explanations forced later 
Greek “lovers of wisdom” (that’s how the word “philos- 
opher” is translated) to increase the number of funda- 
mental principles or, as they were called in antiquity, 
elements. Empedocles asserted that there are four ele- 
ments: earth, water, air and fire. Aristotle contributed 
the final (for a very long time) corrections to this in- 
vestigation. 

According to Aristotle, all bodies consist of one and 
the same substance, but this substance can assume 
different. qualities. There are four immaterial elements: 
cold, hot, moist and dry. Combining in pairs and being 
imparted to a substance, Aristotle’s elements form the 
elements of Empedocles. Thus, a dry and cold substance 
yields earth; dry and hot, fire; moist and cold, water 
and, finally, moist and hot, air. 
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However, in view of the difficulty involved in an- 
swering many questions, ancient philosophers added 
a “divine quintessence” to the four elements. This was 
a kind of god-cook, cooking the various elements together. 


Of course, it isn’t hard to explain away any perplexity 
by reference to a god. 


But for a very long time—almost up to the 18th cen- 
tury—few dared be 


perplexed and ask questions. Aris- 
totle’s teachings were avowed by the Church, and any 
doubt in their validity was a heresy. 
But these doubts arose anyway. They were engendered 
by alchemy. 


» Sintering, the melting 
of metals—all these known. 
This, it would see » did not contradict Aristotle's 
teaching. The so-called 
during any transformat he whole world consists 
of only four elements, the Possi 


of making gold or find- 
Osophers’ Stone”, giving 
nd eternal youth. The 
nda Philosophers’ stone, 
ey other one was called 
S. 

l u ng themselves to the so- 
lution of this problem continued for centuries. Alchemists 
did not learn how to make gold, 


odies. In 
eath son- 
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tence for alchemy. In the 17th century, it became ob- 
vious to many people that the number of basic sub- 
stances—elements—is incomparably greater than four. 
Mercury, lead, sulphur, gold and antimony turned out 
to be undecomposable substances; one could no longer 
say that these substances were made out of elements. 
On the contrary, one had to rank them among the ele- 
ments of the world. 

In 1661 in England, Robert Boyle (1627-1691) pub- 
lished the book The Sceptical Chemist. Here we find 
a completely new definition of an element. This is no 
longer the elusive, mysterious immaterial element of 
alchemists. An element is now a substance, a component 
part of a body. This is consistent with the modern def- 
inition of the concept of an element. 

Boyle’s list of elements was not very large. He added 
fire to a correct list. Incidentally, the idea of elements 
lived on even after Boyle. Even in a list of the great 
Frenchman Antoine Laurent Lavoisier (1743-1794), who 
is regarded as the founder of chemistry, side by side 
with real elements there also appear imponderable 
elements: a heat-producing and a light-producing sub- 
stances. 

In the first half of the 18th century, there were 15 
known elements, and their number rose to 35 by the 
end of the century. True, only 23 of them were real 
elements, but the rest were either non-existent elements 
or else substances like caustic soda and caustic potash 
which turned out to be compounds. 

By the middle of the 19th century, more than 50 
undecomposable substances were described in chemical 
handbooks. 

The periodic law of the great Russian chemist Dmitri 
Mendeleev (1834-1907) provided the stimulus for a con- 
Scious search for undiscovered elements. It is still too 
early to speak about this law here. Let us merely say 
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i d how one 
t by means of his law Mendeleev showe ne 
=a look for the elements which had not yet been dis 
red. , 
O Almost all the elements occurring in nature were 
discovered by the beginning of the 20th century. 


Atoms and Molecules 


§0, an original poem was written 
author was t 


What views were these? Th 
the minutest, invisible particl 
is made of. Having ob 


ese were teachings about 


es which our whole world 
served var 


operty of water is related to 
its internal structure. 
Or why, for examp. 


le, do we perceive the scent of 
flowers at a distance? 


Meditating on similar questions, Democritus became 
convinced that bodies onl 


| nly seem to be solid, but in 
fact consist of the minutest particles. These particles 
are different in form for diffe 


Tent bodies, but they are 
een. That is why all bodies 


ch very 


Seem to us to be soli 
Democritus called su tiny particles which 
cannot be further divided and of whic water and all 
other bodies consist atoms (derived from the Greek 
atomos meaning “indivisible”). 
his remarkable guess of anc 
born 24 Centuries ago, wag later lon 


so small that they cannot be sı 
d 


ient Greek thinkers, 
g forgotten, Aristotle’s 
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erroneous teaching exercised complete sway over the 
scientific world for more than a thousand years. 

Asserting that all substances are mutually trans- 
mutable, Aristotle categorically denied the existence 
of atoms. Any body can be infinitely divided, taught 
Aristotle. 

In 1647, the Frenchman Pierre Gassendi (1592-1655) 
published a book in which he courageously denied Aris- 
totle’s teaching and asserted that all substances in the 
world consist of small indivisible particles—atoms. 
Atoms differ from each other in shape, size and mass. 

Agreeing with the teachings of the ancient atomists, 
Gassendi developed these teachings further. He explained 
how the millions of diverse bodies of nature can and 
do arise in the world. For this, he asserted, a large number 
of different atoms is not necessary. For an atom is the 
same thing as building materials for houses. It is pos- 
sible to construct an enormous number of the most di- 
verse houses from three different kinds of building mate- 
rial—bricks, boards and logs. In precisely the same 
way, nature can create thousands of the most diverse 
bodies from several tens of different atoms. Moreover, 
in each body various atoms are united in small groups; 
Gassendi called these groups molecules, i.e. “small 
masses” (derived from the Latin moles meaning “mass”). 

Molecules of various bodies differ from each other 
in the number and kind (“sort”) of atoms belonging to 
them. It is not difficult to understand that an immense 
number of different combinations of atoms, molecules, 
can be created from several tens of different atoms. 
This is why there is such a great variety in the bodies 
Surrounding us. 

However, Gassendi’s views still contained much that 
Was incorrect. Thus, he believed that there were special 
atoms for heat, cold, taste and smell. As other scientists 
of that time he too could not completely free himself 
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from Aristotle’s influen 


ce, and recognized his immaterial 
elements. 


the great enlightener 
Lomonosov writes 
or heterogeneous. I 


are grouped in a molecule, I 


Tom each other. If some 
geneous molecules, it must 
n the contrary, a body con- 
from various atoms, Lomo- 


be regarded as simple. If, o 
sists of molecules built up 
nosov calls it compound, 


We now well know that nature’s various bodies have 
precisely such a structure. In fact, take the gas oxygen 
for example; two identical atoms of oxygen are contained 
in each of its molecules. This is a molecule of a simple 
substance. But if the atoms Composing a molecule are 
different, it is a chemical compound. Its molecules 
Consist of atoms of those chemical elements which occur 
in the composition of this Compound. This can also 
be said otherwise: 
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Such reasoning seems funny now. We know now so 
many details about the “life” of an atom that to doubt 
its existence is the same thing as to doubt the reality 
of the Black Sea. 

The relative masses of atoms were determined by 
chemists. At first the mass of a hydrogen atom was taken 
as the atomic mass unit. The relative atomic mass of 
nitrogen turned out to be approximately equal to 14, 
oxygen, approximately 16, chlorine, approximately 35.5. 
A somewhat different choice of the relative atomic 
mass units was later made, for which the number 16.0000 
was assigned to oxygen. The atomic mass of hydrogen 
turned out equal to 1.008 in this scale. 

Of interest, of course, is the absolute mass of atoms 
and not only their relative mass. It is sufficient, for 
this purpose, to measure the absolute mass of an atom 
of any one kind. Taken as the basis today is carbon 
rather than oxygen or hydrogen. Up to the present time, 
investigators regarded measurements of absolute masses 
of atoms with distrust and proceeded as follows. They 
took the mass of the carbon isotope 1C to be equal to 
exactly twelve atomic mass units (amu). Then, paying 
no attention to the accuracy of measurement of the 
absolute masses of atoms, they assumed that 


1 amu = 1.662 x 1072 g 


In any case, this value does not differ appreciably 
from the true one. Perhaps they are overcautious, how- 
ever, since the precision of measurement today is within 
a fraction of about one-millionth. Measuring techniques 
have advanced greatly during the last century. In 1875, 
the known value of 4 amu was accurate within about 
30 per cent. 

ow do we measure the mass of the atom in grams? 
No scales have been constructed, of course, on which 
a physicist could place a single atom and then balance 


16 
Molecules 


i fol- 
» We can evidently write the 


y found in the experiment 
ZmA 
GamE a 
where ma = mass of the atom in amu 
V = 


volume of a unit cell of the crystal 61). 
Z = number of atoms per unit cell (see Pea 
The last two quantities can he determined by fourth 
structure analysis which is to be discussed in the 

ook. 


o 

The reader should not resent the fact that I seem. i 

be getting ahead of my story. Books on physics sh 

be read at least twice, tomic 
Employing this method, we can determine the ato jat 

mass unit with exceptionally great precision. The m 

reliable value today is 

1 amu = (4.660 43 


+ 0.000 31) x 10-24 g 


W much matter can you collect in this way? 
Only several thousandths of 
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Or another such comparison: the earth is as many 
limes heavier than an apple as an apple is heavier than 
a hydrogen atom. 

The reciprocal of the atomic mass unit is called Avo- 
gadro’s number: 

1 — 6.022 0943 x 1023 


~ Tamu 


This enormous number has the following significance 
Let us take a substance of an amount in grams e ual 
to the relative mass M of its atoms or mu. A A 
example, 12 grams of the carbon isotope ™C. This can 
be expressed more concisely: let us take one mole of 
a substance (check, please, with the definition of the 
mole given in the first book, where we introduced the 
International System of Units—SI units). The mass of 
one mole of a substance is equal to Mma. Consequently, 
the number of carbon atoms in 12 grams of carbon, as 
well as the number of atoms, molecules or any other 
particles in a mole assembly of these particles, equals 


M 

Mma Na 
which is Avogadro’s number. ; 

For a long time physicists found no necessity for using 
the concept of the “amount of substance”. As long as 
we dealt only with atoms and molecules it was quite 
suitable to define the mole as the molecular (or atomic) 
weight expressed in grams. 

But then ions, electrons, mesons and many, many 
more particles made their appearance. Physicists came 
to the conclusion that it is not always convenient to 
characterize an assembly of particles by their mass. 
This led to the establishment of the unit for the amount 
of substance—the mole. When we speak of a mole of 
electrons, a mole of lead atom nuclei or a mole of pi- 
mesons, we are not specifying the mass of these particles 


Na 


2-1179 
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eir 
(which, as you will find further on, depends arom tes 
velocity), but only their number. The previou i. aici 
of a mole is still valid, however, Pecan tically 
or molecules of any kind have a mass se hae Pp. Ton 
to the atomic or molecular mass expresse m 
Neither has Avogadro’s number changed its 
it simply has a new name: mole}, 


What Heat Is jl 
How does a hot body differ from a cold one? UP aT a 
the 19th century, this question was answered as tter (or 
“A hot body contains more heat-producing ma sons 
‘caloric’) than a cold one, in exactly the same 


” at 
tains more salt.” But wh 


was 
long been in existence. It at 
brilliantly advocated by Many outstanding scientists 
the 16-18th centuries, 


Francis Bacon wrote in his book Novum Organum, 
“Heat itself in its essence is nothing but motion... . es 
consists of a variable motion of the minutest partic 
of a body.” 

Robert Hooke asserted 
“Heat is a conti 


in his book Micrographia: 
here is no suc 


nuous motion of the 


‘ ® existence of Caloric is denied i? 
this work, where it 


is said that “heat consists of the 
internal motion of Particles of matter”, 
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Count von Rumford put it very graphically at the 
end of the 48th century: “The more intensively the 
particles composing a body move, the hotter the body 
will be, analogous to how the more vigorously a bell 
vibrates, the louder it rings.” 

In these remarkable guesses, far ahead of their time, 
the bases of our modern views on the nature of heat 
are concealed. 

There are sometimes quiet and clear days. The leaves 
lie still on the trees, not even a slight ripple disturbs 
the glassy surface of water. The entire surroundings 
have frozen in strict, triumphant immobility. The 
visible world is at rest. But what is taking place in 
the world of atoms and molecules? 

Contemporary physicists can say much about this. 
Never, not under any circumstances, is there a cessation 
to the invisible motion of the particles that the world 
is made of. 

But why don’t we see all these motions? Particles 
move, but the body is stationary. How is this possible? 

Have you ever watched a swarm of midges? When there 
is no wind, the swarm appears to be suspended in air. 
But an intensive life is going on inside the swarm. Hun- 
dreds of insects flew off to the right, but just as many 
flew off to the left at the same instant. The swarm as 
a whole remained at the same place and did not change 
its form. 

The invisible motions of atoms and molecules are 
of the same chaotic, irregular nature. If some molecules 
leave a volume, their place is occupied by others. But 
since the newcomers do not in the least differ from the 
departed molecules, the body remains entirely as it was. 
An irregular, chaotic motion of particles does not change 
the properties of the visible world. 

“However, isn’t this idle talk?” the reader might 
ask us. In what sense are these arguments, however 
z 
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; w? Has 
inci the caloric theory? 
iful, more convincing than ) DT 
e actually seen the eternal thermal m 
parli of matter? ; stele 
ee ee to see the thermal motion lla 
and, moreover, with the aid of the simplest m 
’ 


hundre 
This phenomenon was first observed more than a 


i 171713- 
years ago by the English botanist Robert Brown ( 
1858). 


structure of a plant through 
hat tiny particles of Saf 
plant were continually ahat 
tanist became interested: io 
es move? Perhaps they i to 
kind? The scientist aa gee 
examine under a microscope small particles o a te 
bid. But neither were thes abè 
articles at rest; they were eng the 
l chaotic motion. The Amalen aal 
particles were, the faster they moved. The P sti 
f water for a long time, bu icles: 
nd to the motion of the pareng 
Seemed to be constantly pus 
The Brownian movement of 
motion. Thermal motion is in 


particles, clots of molecules, 
atoms, 


al 
particles is just a om 
herent in large and s oa 
individual molecules 


Energy Is Conserved Forever 


= 
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We now remind the reader that although we spoke 
of the law of conservation of energy, this was not a 
sufficiently universal conservation law. Linear and angular 
momenta were conserved experimentally, but energy 
was only conserved ideally—in the absence of friction. 
But as a matter of fact, energy always decreased. 

But we did not say anything previously about the 
energy of atoms. A natural idea arises: where at first 
sight we noticed a decrease in energy, some energy was 
transmitted to the atoms of a body in a manner which 
is imperceptible to the naked eye. 

Atoms are subject to the laws of mechanics. True 
(you will have to learn this from another book), their 
mechanics is somewhat peculiar, but this does not change 
matters—with respect to the law of conservation of 
mechanical energy, atoms do not differ at all from large 
bodies. 

Hence, the complete conservation of energy will be 
detected only when along with the mechanical energy 
of a body the internal energy of this body and the en- 
vironment is taken into account. Only in this case will 
the law be universal. 

What does the total energy of a body consist of? We 
have, in essence, already named its first component— 
it is the sum of the kinetic energies of all its atoms. 
But it must not be forgotten that atoms interact with 
each other. Therefore, the potential energy of this in- 
teraction is added. Thus, the total energy of a body 
is equal to the sum of the kinetic energies of its particles 
and the potential energy of their interaction. 

It is not difficult to comprehend that the mechanical 
energy of a body as a whole is only part of its total ener- 
gy. For when a body is stationary, its molecules do 
not stop moving and do not cease interacting with each 
other. The energy of the thermal motion of particles 
which remains in a Stationary „body and the energy 


Aec- how 16453" 
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of the interaction between the particles constitute the 
internal energy of the body. The total energy of a body 
is therefore equal to the sum of its mechanical and in- 
ternal energies. 

The gravitational energy of a body is a component 
part of its mechanical energy, i.e. the potential energy 
of the interaction between its particles and the Earth. 

Considering internal energy, we no longer detect 
vanishing of energy. When we consider nature through 
glasses magnifying the world millions of times, the 
picture seems to us to be of rare harmoniousness. There 
are no losses of mechanical energy, but there is only 
its transformation into the internal energy of a body 
or its surroundings. Has any work disappeared? No! 


The energy went into an acceleration of the relative 
motion of molecules or a change in their mutual distribu- 
tion. 


Molecules obey the law of conservation of mechanical 
energy. There are no frictional forces in the world 0 
molecules; the world of mol 
formations of 


any loss whatsoever int? 
the energy of molecules or atoms. 
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curacy of your measurements, look for the cause of the 
loss! Physicists have repeatedly made new, important 
discoveries along these lines, convincing themselves 
time and time again of the perfectly strict validity of 
this remarkable law. 


Calorie 


We already have two units of energy—the erg and 
the kilogram-force-metre. It would seem that this is 
enough. However, it is traditional to employ yet a third 
unit—the calorie—in the study of thermal phenomena. 

We shall see later that even with the calorie the list 

of units adopted for designating energies is not exhaust- 
ed. 
It is possible that in each individual case the use of 
its “own” unit of energy is convenient and expedient. 
But in any example which is the least bit complicated, 
dealing with the transformation of energy from one 
form to another, an inconceivable mix-up with units 
arises. 

In order to simplify computations, the system of 
units (SI) provides for a single unit for work, energy 
and an amount of heat—the joule. However, considering 
the strength of tradition and the length of time which 
will be required for this system to become the only 
system of units in general use, it is helpful to acquaint 
ourselves more closely with the “departing” unit of 
heat—the calorie. 


The small calorie (cal) is the amount of heat required 
to raise the temperature of one gram of water from 14.5 
to 15.5 °C. The word “small” must be mentioned be- 
cause one sometimes uses the “large” calorie, which is 
a thousand times as great as the chosen unit (the large 


calorie is often denoted by kcal, which means “kilo- 
calorie”), 
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The relationship between a calorie and mechanical 
units of work, such as an erg or a kilogram-force-metre, 
is found by heating water mechanically. Such experiments 
have been performed repeatedly. It is possible, for ang 
ple, to raise the temperature of water by stirring 1 
energetically. The mechanical work expended for te 
heating can be evaluated with sufficient accuracy. 
was found from such measurements that 


1 cal = 0.427 kgf-m = 4.18 J 


Since energy and work have units in common, it 
is also possible to measure work in calories. One must 
expend 2.35 calories in order to raise a kilogram weight 
by one metre. This sounds unusual, and it really is 
inconvenient to compare the raising of a load with the 
heating of water, Therefore, calories are not employed 
in mechanics. 


Some History 


The law of conservation of energy could only be for- 
mulated when th 


e idea of the mechanical nature 0 
heat had become sufficient] 


r by number of degrees. This im 
vestigation was perhaps the first precise expression 0 
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the idea that heat and work should have a measure 
in common. 

The next step towards the discovery of the law of 
conservation of energy was the establishment of an 
important fact: a disappearance of work is accompanied 
by an appearance of a proportional amount of heat; 
thus a common measure for heat and work was found. 

The original definition of the so-called mechanical 
equivalent of heat was given by the French physicist 
Sadi Carnot (1796-1832). This outstanding person died 
at the age of 36 in 1832 and left behind a manuscript, 
which was published only after 50 years. The discovery 
made by Carnot remained unknown and did not in- 
fluence the development of science. Carnot calculated 
in this work that the raising of 1 m? of water to a height 
of 1 m requires just as much energy as is needed for the 
heating of 1 kg of water by 2.7 degrees (the correct figure 
is 2.3 degrees). 

The Heilbronn doctor Julius Robert von Mayer (1814- 
1878) published his first work in 1842. Although Mayer 
called physical concepts familiar to us by entirely dif- 
ferent names, a careful reading of his work leads never- 
theless to the conclusion that the essential features 
of the law of conservation of energy are presented in 
it. Mayer distinguished between the internal energy 
(“thermal”), gravitational potential energy and energy 
of motion of a body. He tried to infer the necessity 
of conservation of energy under various transformations 
from purely theoretical considerations. In order to check 
this assertion experimentally, one must have a common 
measure for measuring these energies. Mayer calculated 
that the heating of 1 kg of water by one degree is equiv- 
alent to the raising of 1 kg by 365 m. 

In his second work published three years later, Mayer 
noted the universality of the law of conservation o 
@nergy—the possibility of applying it to questions of 
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chemistry, biology and cosmic phenomena. To the 
various known forms of energy Mayer added magnetic, 
electric and chemical. 

A lot of credit for the discovery of the law of con- 
servation of energy goes to the remarkable English 
physicist (a brewer from Salford in England) James Pres- 
cott Joule (1818-1889), working independently of Mayer. 

While a certain inclination to an indeterminate phi- 
losophy is characteristic of Mayer, Joule’s basic trait 
is a strict experimental approach towards the phenom- 
ena under consideration. Joule posed a question be- 
fore nature and obtained an answer to it by means of 
special experiments set up in an exceptionally painstak- 
ing manner. There is no doubt that in the entire series 
of experiments performed by Joule, he was guided by a 
single idea—to find a common measure for evaluating 
thermal, chemical, electrical and mechanical actions, 
to demonstrate that energy is conserved in all these 
phenomena. Joule formulated his idea as follows: “The 
destruction of forces performing work does not occur 
in nature without a corresponding action.” 

Joule reported on his first work on January 24, 1843, 
and on August 21 of the same year, he communicated 
his results on the establishment of a common measure 
for heat and work. Heating 1 kg of water by one degree 
proved equivalent to raising 1 kg by 460 m. 


ing results in thermodynamics; he was the first to apply it to the 
study of chemical processes. By means of his work on the vortex 
motion of liquids, Helmholtz laid the foundations of hydro- 
dynamics and aerodynamics. He carried out a number of valuable 
investigations in the fields of acoustics and electromagnetism. 
Helmholtz developed the physical theory of music. He applied 
Powerful and original mathematical methods in his physical 
research. 
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In the following years, Joule and a number of other 
researchers spent a great deal of effort in order to a 
a more precise value for the thermal bre $ 
also attempted to prove the complete universali ETBE 
the equivalent. During the late forties, it became heat 
that, regardless of how work is transformed into onal 
the amount of heat arising will always be proportio 
to the amount of work expended. In spite of the a 
that Joule laid the experimental basis for the law la- 
conservation of energy, he did not give a clear formu 
tion of this law in his works. icist 

The credit for this belongs to the German physi 
Hermann Helmholtz. O 


of the Berlin Physical S 


possess potential and kinetic ener 
gies. The sum of the potential and kinetic energies 
the particles which a body or system is made of age 
or system is not subjected to e 
aw of conservation of oe 
Pages above, was first formulate 
by Helmholtz. 


ter work of Helmholtz, it remained for other 
physicists to merely verify and apply the law of conserva 
tion of energy, The success of these investigations ler 
to the fact that by the ond of sit fifties the law of con- 
servation of energy was universally recognized as ? 
fundamental law of natural science, 

Phenomena ¢ 


asting doubt on the law of conservation 


2. Structure of Matter 


Intramolecular Bonds 


Molecules consist of atoms. Atoms are bound in mol- 
ecules by forces which are called chemical forces. 
There exist molecules consisting of two, three, four 
atoms. The largest molecules, protein molecules, consist 
of tens and even hundreds of thousands of atoms. 
The molecule kingdom is exceptionally varied. By 
now, millions of substances built up out of various 
molecules have already been isolated by chemists from 
natural materials and created in their laboratories. 
Properties of molecules are determined not only by 
how many atoms of one or another sort participate in 
their construction but also by the order and configura- 
tion in which they are bound. A molecule is not a heap 
of bricks, but a complicated architectural structure, 
where each brick has its place and its completely de- 
termined neighbours. The atomic structure forming a 
molecule can be rigid to a greater or lesser degree. In 
any case, each of the atoms carries out an oscillation 
about its equilibrium position. In certain cases, some 
parts of a molecule can even revolve around other parts 
giving different and the most fantastic configurations 
to a free molecule in the process of its thermal motion. 
Let us analyze the interaction between atoms in greater 
detail. The potential energy curve of a diatomic mole- 
cule is depicted in Figure 2.1. It has a characteristic 
form—it first goes down, then turns up forming a “wel ‘ 
and afterwards rises more slowly towards the horizontal 
axis on which the distance between the atoms 1s marked. 
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r 
Figure 2.4 


in which the potential energy 
stable. When an atom e 
sits” in a potential well, E 

oscillations about its eq 
librium position. 


f 
The distance from the vertical axis to the Botton ia 
the well can be called the equilibrium distance. Sal 
atoms would be located at this distance if the ther 
Motion were to Cease, 


ils 
© potential energy curve tells about all the datei 
of the interaction between atoms. Whether partic. 
attract or repel each 


other at one or another distance, 
whether the strength i 


the curve also yields E 
ceper the curve, the greate 

the force, 
When atoms are at great distances from each athen 
they are attracted; this force decreases rather rapidly 
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with an increase in the distance between them. As they 
approach each other, the force of attraction grows and 
reaches its maximum value when the atoms come very 
close to each other. As they come even closer, the at- 
traction weakens and, finally, at the equilibrium distance 
the force of the interaction vanishes. When the atoms 
become closer than the equilibrium distance, forces of 
repulsion arise which sharply increase and quickly make 
a further decrease in the distance between the atoms 
practically impossible. 

Equilibrium distances (below we shall say distances 
for the sake of brevity) between atoms are different for 
various types of atoms. 

For various pairs of atoms, not only are the distances 
between the vertical axis and the bottom of the well 
different but so are the depths of the wells. 

The depth of a well has a simple meaning: in order 
to roll out of the well, an energy just equal to the depth 
is needed. Therefore, the depth of a well can be called 
the binding energy of the particles. 

The distances between the atoms of a molecule are 
so small that it is necessary to choose appropriate units 
for their measurement; otherwise, their values would 
have to be expressed, for example, in the following form: 
0.000 000 012 cm. This figure is for an oxygen molecule. 

Units especially convenient for describing the atomic 
world are called angstroms (true, the name of the Swedish 
Scientist in whose honour these units were named is 
properly spelt Angstrom; in order to remember this, 
a small circle is placed over the letter A); 


1A =10-8cm 


i.e. one-hundred-millionth of a centimetre. = |. 

The distances between the atoms of a molecule lie within 
the limits of 1 to 4 A. The equilibrium distance for oxy 
gen, which has been written out above, is equal to 14.2A. 
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Interatomic distances, 
If we gird the Earth wi 
the length of the “belt” 
than the width of your p 


as you see, are very small- 
th a string at the equator, vin 
will be as many times greate 
alm as the latter is greater that 
the distance between the atoms of a molecule. 
Ordinary calories are used for measuring bindin 
energies, but they are related not to one molecule, whic: 


would, of course, yield a negligible number, but t? 
one mole, i.e. to the 


number of grams equal to the rel- 
ative molecular mass. 
It is clear th 


» for hydrogen 103 000 cal/mol, etc. 
We have alread h 


y definite manner with re- 
spect to each other, forming in complicated cases rathet 
Intricate structures, 

Let us present several sim 
of CO, (carbon dioxide), 


ple examples. In a molecul? 
in a row, with the carbon a 


all three atoms are lined UP 
tom in the middle, A molecul? 
of H,O (water) has an angular form, with the oxyge? 
1059) at the vertex of the angle (it is equal t0 


In a molecule of NH, (ammonia), the nitrogen ato” 
is at the vertex of a three-faced Pyramid, in a molecu!?® 


of CH, (methane), the Carbon atom is located at th 
centre of a four-faced fi 


A ich 
gure with equal side , whic 
is called a tetrahedron. q CFS 

The carbon atoms of CyH, ( 
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CARBON DIOXIDE 
0 c 


ose. 


© 


BENZENE 


Figure 2.2 Figure 2.3 


Diagrams of the distribution of the centres of the 
atoms in these molecules are shown in Figures 2.2 and 
2.3. The lines symbolize the bonds. 

A chemical reaction occurred; there were molecules 
of one type, and then others were formed. Some bonds 
were broken, while others were newly created. In order 
to break the bonds between atoms (recall Figure ae 
it is necessary to perform work, just as 1n rolling a ba 
out of a well. On the contrary, energy 1S liberated when 
new bonds are formed, just as when a ball rolls into 
a well. , 

Which is greater, the work involved in. ee a 
in creating bonds? We come across reactions 0: ot 


types in nature. 
T K, i d the thermal effect, or more 
Aa en Sher: (reaction). The heat 


concisely, the heat of transformation 
of reaction is usually a quantity of the order of tens 


3-1179 
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of thousands of calories per mole. The heat of reac- 


à F oe a for 
tion is often included as a summand in the formula 
a reaction. 


For example, 
of graphite bur: 
out as follows: 


C + O, = CO, + 94 250 cal 
This means that when carbon combines with oxyge? 
an energy of 94 250 calories is liberated. a 
he sum of the internal energies of a mole of ca 
bon and a mo 


the reaction whereby carbon in the TA 
ns, i.e. unites with oxygen, is wri 


h equations, one can find the heats 
ion for which di 
as a result of one o 


; er cause, are unsuitable. Here 
1S an example: if carbon i 
with hydrogen, 


The reacti 


of carbon 
2C + 20, = 2CO, + 188 000 cal 


(2) the oxidation of hydrogen 
Hy +0; = H0 + 68000 cal 
(3) the oxidation of acetylene 


CGH, +20, =2C0, +H0 +312 000 cal 
2 
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All these equalities may be regarded as equations for 
the binding energies of molecules. If so, we may operate 
on them as on algebraic equalities. Subtracting the 
first two equalities from the third, we obtain: 


2C + H, = C,H, — 56 000 cal 


Therefore, the reaction we are interested in is accom- 
i by the consumption of 56000 calories per 
mole. 


Physical and Chemical Molecules 


Until investigators had formed a detailed concept 

of the structure of matter, no such distinction was made. 
A molecule was simply a molecule, i.e. the smallest 
representative of a substance. It seemed that nothing 
more could be said. This is not so, however. 
_ The molecules we have just discussed are molecules 
in both senses of the word. Molecules of carbon dioxide, 
ammonia and benzene (mentioned above), and the mol- 
ecules of practically all organic substances (which were 
not discussed) consist of atoms strongly bonded to one 
another. These bonds are not ruptured by dissolution, 
melting or evaporation. The molecule continues to be- 
have as a separate particle or small physical body upon 
any physical action or change in state. ; 

But this is not always true. For most inorganic sub- 
stances, we can speak of the molecule only in the chem- 
ical sense. The finest particles of such well-known 
inorganic substances as common salt or calcite or soda 


do not even exist. We do not find separate particles 
of these substances in crystals (this will be discussed 
dissolved, the 


a few pages further on); when they are 
molecules break down into their component atoms. 
Sugar is an organic substance. Therefore, the sugar 


dispersed in a cup of sweetened tea is in the form of 


3+ 


Molecules s 


molecules. Salt is a different matter. We find no molecules 


of common salt (sodium chloride) in salty water. These 
“molecules” ( 


water in the 
charged ato 


The same is true of vapours; and in melts a part 
of the molecules live their own independent lives 
When we s 


teraction curve, of the type i 
lustrated in Figure 2.1, is the same for both kinds hx 
forces. The difference lies in the depth of the potentia 
well; For valence forces the well is hundreds of times 

eeper., 


Interaction of Molecules 


s would decompose i locules. 
olecules repel each other P into mo. 


iquids 
ordinary ease, 


; d between molecules which resemble 
In many respects the forces etween atoms spoken 0 


oxygen before the equilibriu 
will be very noticeable: th 
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molecule settle down at a distance of 1.2 A, while the 
oxygen atoms of different molecules approach each other 
to within 2.9 A. 

Analogous results have also been obtained for other 
atoms. Atoms of different molecules settle down farther 
from each other than atoms of the same molecule. It is 
therefore easier to tear molecules apart from each other 
than atoms from a molecule; moreover, the difference 
in energy is much greater than that in distance. While 
the energy necessary for breaking the bonds between 
oxygen atoms forming a molecule is about 100 kcal/mol, 
the energy needed to pull oxygen molecules asunder 
is less than 2 kcal/mol. 

Hence, on a potential energy curve for molecules, 
the potential well lies farther away from the vertical 
axis and, furthermore, the well is much shallower. 

However, this does not exhaust the difference between 
the interaction between atoms forming a molecule and 
the interaction of molecules. : 

Chemists have shown that atoms are bound in a mole- 
cule with a fully determined number of other atoms. 
If two hydrogen atoms have formed a molecule, no 
third atom will join them to this end. An oxygen atom 
in water is bound to two hydrogen atoms, and it is im- 
Possible to bind another atom to them. — i 

We do not find anything similar in intermolecular 
interaction. Having attracted one neighbour to itself, 
a molecule does not lose its “attractive force” to any 
degree. The approach of neighbours will continue as 
long as there is enough room. 

What does “there is enough room” mean? Are molecules 
really something like apples or eggs? Of course, in a 
certain sense such a comparison is justified: molecules 
are physical bodies possessing definite size and shape. 
The equilibrium distance between molecules is nothing 
but their size. 
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What Thermal Motion Looks Like 


The interaction between molecules can have greate, 
or smaller values during the “lives” of the molecules 
The three states of matter—gaseous, liquid and solid— 


differ from one another in the role which molecular 
interaction plays in them. s 

The word “gas” was thought up by scientists (derived 
from the Greek chaos meaning “disorder”). 

And as a matter of fact, the gaseous state of matter 
is an example of the existence in nature of complete, 
perfect disorder in the mutual. distribution and motion 
of particles. There is no microscope which would permit 


one to see the motion of gaseous molecules, but in spite 
of this, physicists can describe the life of this invisible 
world in sufficient detail. 


Thereisan enormous number of molecules, approximate- 
ly 2.5 x 10» molecules in a cubic centimetre of alf 
under standard conditions (room temperature and atmo- 
spheric pressure). Each molecule’s share is a volume 0 
4 x 10-20 cm, 


cm = 35 A. However, the 
molecules are much smaller. For example, molecules 
; e basic components of air— 
Be size of about 4 A. is 

: istance between molecules Í 
ten times as great as the Size of the molecules. And this 


i etre. This means one F 
two coins on a page of the book wh 


e is roughly how sparsely gas molecules are distri” 
uted. 
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Every molecule of a gas is in a state of continual 
thermal motion. 

Let us follow a single molecule. Here it is swiftly 
moving somewhere to the right. If it met no obstacles 
in its path, the molecule would continue its motion with 
the same velocity along a straight line. But the path 
of the molecule is crossed by its innumerable neighbours. 
Collisions are inevitable, and the molecules fly apart 
like two colliding billiard balls. In which direction will 
our molecule gallop? Will it acquire or lose its speed? 
Anything is possible: for its collisions can be of the most 
various kinds. Blows are possible from the front or from 
behind, from the right or the left, which are strong or 
weak. It is clear that being subject to such irregular 
impacts during these random collisions, the molecule 
which we are observing will rush about through all 
Parts of the vessel in which gas is confined. 

_ How far are gas molecules able to go without a col- 
lision? 

It depends on the size of the molecules and the density 
of the gas. The larger the molecules and the more mole- 
cules there are in a vessel, the more often will they 
collide. The average distance travelled by a molecule 
without any impact—it is called the mean free path—is 
equal to 14 x 10 cm = 1100 A for hydrogen mole- 
cules and 5 x 10 cm = 500 A for oxygen molecules 
ions. The distance of 5 x 10 cm 
à very small, 
th molecular 


iatale to a path of 5 X 10 om 
he structure of a liquid diffe 
of a gas whose molecules are far from each other and 
only rarely collide. In a liquid, a molecule is constant y 
found in the immediate vicinity of others. The mo eeu es 
of a liquid are distributed like potatoes 1n a sack. True, 
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with one distinction: the molecules of a liquid are in 
a state of continual and chaotic thermal motion. Because 
they are so crowded, they cannot move around as freely 
as the molecules ofa gas. Each of them is always “marking 
time” in practically one and the same place surrounded 
by the same neighbours, and only gradually moves 
through the volume occupied by the liquid. The more 
viscous the liquid, the slower this displacement. But 
even in such a “mobile” liquid as water, a molecule 


moves 3 A during the time required by a gas molecule to 
cover 700 A. 


more will the separate parts of the body remain in @ 
fixed bond wit 


Compressibility of Bodies 


As raindrops drum on a roof, so do gas molecules beat 
against the walls of a vessel. T 


is immense, and it 


What is gas pressure 
stronger the blow inflic 
greater the pressure. Itis 


related to? It is clear that thé 
ted by a single molecule, tb? 
no less obvious that the pressur? 
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wil the number of blows inflicted in a second. 
The = cb in a vessel, the more frequent the 
blows and the greater the pressure. Hence, the pressure P 
of a given gas is proportional, first of all, to i 
density. M 

If tho mass of a gas is constant, then decreasing its 
volume, we increase its density by the cozresponding 
factor. Therefore, the pressure of a gas in a ae 
will be inversely proportional to its volume. r, in 
other words, the product of the pressure by the volum 
must be constant: 


PV = const 


This simple law was discovered by the English physi- 
cist Robert Boyle (1627-4691) and the Frenel fia 
Edme Mariotte (c. 1620-1684). Boyle's law (a a keom 
as Mariotte’s law) is one of the first quantitat ta. a ha 
the history of physical science. Of course, it holds 
the temperature is constant. ee 

Asa as is compressed, the Boyle equation 1s ee 
worse and worse. The molecules approach eac ee 
and the interactions between them begin to infu 
the behaviour of the gas. os 

Boyle's law s valid in those cases When the, A 
ference of the forces of interaction baton ae Ce = 
cules is completely insignificant. One there 
Boyle’s law as a law of ideal gases. funy when wodl- 

The adjective “ideal” sounds rather Zs ay maT 
fying the word “gas”. Ideal means per ect, 
impossi better. «ideal Gt i 

Die cei otal or diagram, the ied oe 
for the physicist. Computations are simp 5 


lear. The 
tions ot physical phenomena become 2a aad f'ota gas 
term “ideal gas” pertains to the simp°S s is practically 
The behaviour of sufficiently rarefied gase 


indistinguishable from that of ideal gases. 
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Liquids are much less compressible than gases. In a 
liquid, the molecules are already in “contact”. Compres- 
sion consists only in improving the “packing” of the 
molecules, and for very high pressures, in pressing the 
molecules themselves. The degree to which the forces of 
repulsion hinder the compression of a liquid can be seen 
from the following figures. A rise in pressure from one 


to two atmospheres entails a decrease in the volume of 
a gas by a factor of two, while the volume of water changes 
by 4/20000. and th 


at of mercury by a total of 
1/250 000. 

Even the enormo 
is incapable of 
extent. In fact, 
by a ten-metre column of wa 
10-km layer of water is equal to 1000 atm. The volume of 
yee decreases by 1000/20 000, i.e. by one-twen- 
tieth. 


The compressibility of solids differs little from that 


k -seventh, of its volume. 
It is clear from les that, under terrestria 

conditions, we cannot succeed in compressing solid mat- 

ter to any significant extent. A 
But in the Universe, 


- Inside these stars, 
l for the nature of their lumi 
nosity, “dwarfs” because of 


their relatively small size) 
there should therefore be enormous pressures., 
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Surface Tension 


Is it possible to emerge dry from water? Of course it 
is, if one smears oneself with a non-wettable substance. 

Rub your finger with paraffin and put it under water. 
When you take it out, you will find that except for two 
or three drops there is no water on your finger. A slight 
motion—and the drops are shaken off. 

In this case we say that water does not wet paraffin. 
Mercury behaves in such a manner towards almost all 
solid bodies: it does not wet leather, glass or wood. 

Water is more capricious. It adheres closely to some 
bodies and tries not to touch others. Water does not wet 
oily surfaces, but thoroughly wets clean glass. Water wets 
wood, paper and wool. 

If a drop of water is placed on a clean plate of glass, 
it will spread out and form a very shallow. small puddle. 
If such a drop is put on a piece of paraffin, it will just 
remain a drop, almost spherical in shape and slightly 
flattened by gravity. 

Among as anette which “stick” to almost all 
bodies is kerosene. Striving to flow along glass or metal, 
kerosene is capable of creeping out of a loosely closed 
vessel. A puddle of spilled kerosene can spoil one’s 
existence for a long time: kerosene will seize a large sur- 
face, creep into cracks and penetrate one S clothes. That 
is why it is so difficult to get rid of its not very pleasant 
odour. z 

The failure to wet bodies can lead to curious phenomena. 
Take a needle, grease it and carefully place it flat on 
water. The needle will not sink. Looking attentively, 
you can notice that the needle depresses the water and 
calmly lies in the small hollow so formed. However, a 
slight pressure is enough to make the needle go to the 
bottom. For this it is necessary that a considerable part 
of it turns out to be in the water. 
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Figure 2.4 


This interesting property is made use of by water strid- 


ers running swiftly along the surface of the water with- 
out wetting their feet. 


Wetting is used 
The word “floatatio 


he black mixture of ore, water and 


4 mass of little bubbles of air— 
foam. The air bubbles come to the a tie process 
of floatation is based on the fact that the particles covere 
with oil cling to the air bubbles, A large bubble carries 
up a small particle like a balloon. 


the surface in the form of foam 
and the gangue remains at the bo i 


er processing in order to obtain 
which contains tens of timé 
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Forces of cohesion between surfaces are capable of 
violating the levelling of a liquid in communicating 
vessels. It is very easy to verify the truth of this. 

If a thin glass tube (with a diameter of a fraction ofa 
millimetre) is lowered into water, then in violation of 
the law of communicating vessels, the water in it will 
quickly begin rising, and its level will become consid- 
erably higher than in the large vessel (Figure 2.4). 

But what took place? What forces are supporting the 
weight of the column of liquid that has risen up? The 
rise is accomplished by the forces of cohesion between 
the water and the glass. 

Forces of cohesion between surfaces clearly manifest 
themselves only when a liquid rises in a sufficiently 
thin tube. The narrower the tube, the higher the liquid 
and the more distinct the phenomenon. The name of these 
surface phenomena is related to the name of the tubes. 
The inside diameter of such a tube is measured in fractions 
of a millimetre, such a tube is called capillary (meaning 
“thin as a hair”), The phenomenon of the rise of liquids 
in thin tubes is called capillarity. 

But to what height are capillary tubes capable of 
raising a liquid? It turns out that water rises to a height 
of 1.5 mm in a tube of 1-mm diameter. For a diameter 
of 0.01 mm, the height of the rise will increase as many 
times as the diameter of the tube decreases, 1.8. to 

cm. f 
_ Of course, the elevation of a liquid is possible only 
in the case of wetting. It is not hard to guess that mercury 
will not rise in glass tubes. On the contrary, mercury 
falls in glass tubes. Mercury is so “intolerant” of contact 
with glass that it strives to reduce the total surface to 
the minimum allowed by gravity. ; 

There exist many bodies which are something like 
systems of very thin tubes. Capillary phenomena can 
always be observed in such bodies. 
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Figure 2.5 


e an entire system of long ducts 
ters of these ducts are less than 
hundredths of a millimetre, Because of this, capillary 
forces raise soil moisture t 


S a very convenient thing. You spilled 
some ink on a pag urn it over, But you're 
ies up. You take a sheet 
f its edges in the drop, and 
S against gravity. 


-each other, These 


ucts play the role of capillary 
tubes. d 
The same kind of system of long pores or ducts forme 
y fibr i 


h a way that the other end hanging 
over the edge is lower than the first 


47 
2. Structure of Metter 


= the technology of the dyeing intet frapant 
a ta ah se of the ability of a fabric to ANR 
of the fabric gh the thin pores formed by the threads 
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Mechanism of Pine interesting phenomena- RNs 

he differences in the surface tension of baer aye 
stances can be excellently explained by interm 
Interactions, 
of drop of mercury does not spread out 

glass. The reason is that the energ 
ri oe the mercury atoms is greater 
®hesion between the glass and mercury atom 
n, mercury does not rise in narrow Cà found that 

t is a different matter with water. It wa ` les readily 
the atoms of hydrogen of the water mo 3 
Cohere to the atoms of oxygen in the si e 
glass mainly consists. The water-glass intermolecular 
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f 
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tYstals and Their Shape peautiful, rarely 
fo lany people think that orystals a are usually 
und stones, They occur in vario ii 


transparent and, what is mM°S st often poly- 


e most i 
®autiful regular shape. Crystals are Potrictly straight 


Si Ta with ideally plane sides (faces a rvellous P o k 
col." They please the eye Will ly egulet structure. 
Ours at the facos and an amazingiy 


48 
Molecules 


Among them are the unassuming crystals of rock alta 
natural sodium chloride, i.e. common salt. They are foun 
in nature in the form of rectangular parallelepipeds Of 
cubes. Calcite crystals also have a simple form ian 
parent oblique-angled parallelepipeds. Quartz crysta # 
are much more complicated. Each little crystal has a grea 


many faces of different shapes, intersecting in edges of 
different lengths. 


However, a crystal is an 
Crystals surround us ey 


ope. d 
y crystalline grains are calle 


polycrystalline (derived from the Greek polys meaning 


many”) 


bodies must also be included 
then turn out that almost a 

ng us are crystals, Sand an 

granite, copper and iron, the salol sold in a drug store 
and paint all these are crystals, 

_ there are exceptions; glass and plastics do not com 
sist of small crystals. Such solid bodies are calle 


s are reco 
of their shapes. Plan f 


e 
é crystal; the regularity of shaP 
is undoubtedly related to the regularity of the internal 
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structure of a crystal. If a crystal has been especially 
stretched in a certain direction, it means that the struc- 
ture of the crystal in this direction is also special in 
some way. 

But imagine that a ball has been made by machine out 
of a large crystal. Will we succeed in figuring out that we 
have a crystal in our hands, in distinguishing this ball 
from a glass ball? Since the different faces of a crystal 
are developed to different degrees, this suggests that the 
physical properties of a crystal also differ in different 
directions. This, of course, refers to the strength of a 
crystal, its electrical conductivity and to many other 
Properties. This peculiarity of a crystal is called the 
anisotropy of its properties. Anisotropic means different 
properties in different directions. 

Crystals are anisotropic. On the contrary, amorphous 
bodies, liquids and gases are isotropic, i.e. possess iden- 
tical (derived from the Greek isos meaning “equal”) 
properties in different directions (derived from the Greek 
tropos meaning “turning”). The anisotropy of the proper- 
ties of a crystal is precisely what permits us to find out 
whether or not a transparent, formless piece of matter 
is a crystal. 

Let us visit a mineralogical museum and closely exam- 
ine various monocrystalline specimens of crystals of 
the same substance. It is quite possible that specimens 
of both regular and irregular shapes are on display. Some 
of the crystals resemble fragments, others have one or two 
abnormally developed faces. 

From the collection of specimens we select the ones 
that seem to be of perfect shape and sketch them. The 
drawing we obtain is shown in Figure 2.6. Quartz has 
again been taken as an example. As the crystals of other 
substances, quartz can develop a different number of faces 
of each “kind”, as well as a different number of “kinds” 
of faces. Even if their similarity in appearance is not 
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Figure 2.6 


er 
self-evident, such smal] crystals do resemble one anoth 


A t 
as do close relatives or, sometimes, as twins. In wha 
does their similarity consist? 
Look carefully at Figur 
of quartz crystals. All of 
ey can be made truly simi 


18 the faces are ground ba 
Positions, the shape of the aie 

e angles between the faces 
retained. 
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Figure 2.7 


As a crystal grows, certain of its faces, due to various 
random factors, may be in more favourable, and others in 
less favourable conditions for the addition of new layers 
of atoms or molecules. Crystals grown under different 
conditions may not appreciably resemble one another, as 
far as their appearance is concerned, but the angles be- 
tween the corresponding faces of all crystals of the sub- 
Stance being considered are always the same. The shape 
(or habit, as it is called) of a crystal is a matter of chance, 
but the angles between its faces (and you will understand 
why further on) depend upon its internal structure. 

The flatness of its faces is not the only feature that 
distinguishes a crystal from shapeless bodies. A crystal 
also possesses symmetry. The meaning of this word, in 
the sense we are about to employ, can best be demonstrat- 
ed by examples. 

Illustrated in Figure 2.7 is a statue (reminding us of the 
famous ones on Easter Island) standing in front of a large 
mirror. The reflection in the mirror is an exact copy 
(actually a mirror image) of the statue. The sculptor 
could have carved two statues and arranged them in the 
same manner as our statue and its reflection in the mirror. 
ae 
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. ists 
This double sculpture is a symmetrical figure; it cone 7 
of two equal parts, one being a mirror image of the “lent 
and equal in the sense that one’s left hand is equiva 
to one’s right. R ie 
Let us aut that a flat mirror is placed as in Pie 
ure 2.7. Then the right-hand part of the senpi 
exactly coincides with the reflection of its left-hand vig 
Such a symmetrical arrangement would have a iy 
plane of mirror Symmetry passing through the age 
between the two parts. The plane of symmetry 18 g 
imaginary one, but we sense it distinctly in examinin 
a symmetrical body. 
The bodies of animals have 


tical plane of external symmetry can be passed throug) 
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Figure 2.8 


and 4 to that of vane Z. The new position of the pinwheel 
cannot be distinguished from the previous one. We say 
that such a figure has an axis of symmetry or, more pre- 
cisely, an axis of four-fold symmetry because it coincides 
ba itself after turning through one-fourth of a revolu- 
ion. 

Thus, an axis of rotation symmetry is an imaginary 
straight line about which a body, when turned through 
a unit fraction of a revolution, is in a position that can- 
not be distinguished from its initial position. The order 
of rotation symmetry (four-fold in our case) indicates 
that such coincidence occurs after turning the body one- 
fourth of a revolution. Consogueitiy, sion such 
turnin i return to the initial po Gi 

Do oy hed nni? of all kinds in the crystal king- 
dom? Investigations have shown that we do not. a 
fact, the only axes of rotation symmetry found in crystals 
are the two-, three-, four- and six-fold ones. This is no 
mere chance. Crystallographers have shown that it is 
related with the internal structure of crystals. Therefore, 
the number of different kinds or, as we say, classes of 
crystal symmetry is relatively small—only 32. 
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appeared onl 
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Haüy, near the end of the 18 
century. According to its author, crystals are made U 
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: , fitting ti one anothe 
his conclusion is one th ene 


a crystal of Icela 
carbonate) with a s na 


„> arge crystal, their “parent”. Evidently, 
reasoned Haüy, if we continue to break up the pie? 
into smaller and s 


o 
maller ones, we will finally reach thi 
smallest bvilding block, invisible te Gs Y al ey® 


which is a crystal of the given substance. These ultima g 
blocks are so small that steps formed by them, compris” 
the faces of the large crystal, seem to us to be immaculati 
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Figure 2.9 


ly smooth. Well, and what is this final building block 
like? The scientists of that day could not answer this 
question. 

The “building block” theory of crystal structure was of 
great benefit to science. It explained the origin of the 
straight edges and flat faces of a crystal. As a crystal 
grows, new building blocks attach themselves to those 
of the crystal, and a face grows like the wall of a house 
built by the hands of bricklayers. 

Hence, the question concerning the reason for the 
regularity and beauty of the shapes of crystals has been 
answered a long time ago. The reason for this phenom- 
enon is their internal regularity. This regularity cee 
sists in the endless repetition of one and the same ele- 
mentar 4 : 

Imagine en fence made of rods of different heer 
and distributed helter-skelter. An ugly sonn Age 
fence is constructed from identical rods gee pa i 
a regular sequence at equal distances from eac oth a 
We find such a self-repeating pattern on Te ie 
an element of a drawing, say, a girl playing wit all, 
is repeated not only in one direction, as in a par ence, 


but so that it fills a plane. 
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Figure 2.49 


t f n ie 
atoms of a crysta orm a space orc lattice. | 
There are certain details cite Dearne A 
al, or space, lattice that we must now discuss. To sii 
plify the work of the illustrator we shall explain ê 
that is required, usi p f 
than asking him to construct Complicated drawings 9 
three-dimensional figures, t 
Separated out in Figure 2,40 is the smallest piece we 
can be transferred or shifted to obtain the whole patte! 
of the wallpaper. To Separate out such a piece, we dra r 
two straight lines from any point of the drawing, £0 
instance, the centre of the beach ball, connecting it 
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the same points of the two adjacent balls. As can be 
seen in our drawing, we can use these two lines to con- 
struct a parallelogram. By shifting or transferring this 
parallelogram along the directions of the two initial 
basic lines over distances equal to its sides, we can 
obtain the whole wallpaper pattern. This smallest repeat- 
ed portion, commonly called a unit cell, can be selected 
in various ways. It is evident from Figure 2.10 that 
several different parallelograms could be selected, each 
containing one drawing. We emphasize that in the given 
case it makes no difference to us whether the picture 
inside the cell is a whole one or it is divided up by the 
lines bounding the cell. 

It would be a mistake to suppose that after drawing 
the repeating picture, called the motif, for the wallpaper 
the artist can always consider his job to be finished. This 
would be true if the only way to make a pattern for 
wallpaper was to add to the given portion another identi- 
cal portion, shifted parallel to the first along the two 
initial basic lines. 

In addition to this simplest method, however, there 
are sixteen more ways to fill in the wallpaper design 
with an orderly repeated drawing, or motif, i.e. seventeen 
types of mutual arrangement of drawings on a plane. 
They are illustrated in Figure 2.11. Here a simpler 
repeating motif has been selected, but, like the one in 
Figure 2.10, it has no symmetry in itself. The patterns 
composed of this motif are symmetrical and the difference 
in the patterns is due to the difference in the symmetrical 
arrangements of the motifs. 

We see, for example, that in the first three cases the 
pattern has no plane of mirror symmetry: you cannot 
position a vertical mirror so that one part of the pattern 
is a mirror reflection of another part. Cases 4 and 5, 
on the contrary, have planes of symmetry. Two mutually 
perpendicular mirrors can be set up in cases 8 and 9, 
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Figure 2.12 


axis (or plane) of symmetry, you can readily find the 
adjacent point and consecutive points, all spaced at the 
same distance from one another, through which the same 
kind of axes (or planes) of symmetry can be passed. 

The seventeen types of symmetry of a plane pattern 
do not, of course, exhaust all of the great variety of pat- 
terns that can be composed from a single motif. The 
artist must specify one more condition: how the motif 
is to be positioned with respect to the boundary lines 
of the cell. Figure 2.12 illustrates two wallpaper pat- 
terns with the same initial motif which is differently 
positioned in each pattern with respect to the lines rop- 
resenting the vertical mirrors (in a plane pattern bed 
are simply lines of symmetry). Both patterns come un 
case 8 in Figure 2.11. ; 

Each hoe including crystals, consists of atomi, 
Simple substances, or elements, consist of = dag o 
a single kind. Complex substances, Or compoun $ con- 
sist of atoms of two or several kinds. Assume that m 
some superpowerful microscope we could armine me 
surface of a crystal of common salt and see “a ce ro 
of the atoms. Figure 2.13 shows how we would see the 
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Figure 2.13 
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Figure 2.44 


The structures 
today. We shall d 
tals, first of all, 


wn 
of many hundreds of crystals are ae 
iscuss the structures of the simples kind. 
those built up of atoms of a ee are 
Three types of lattices are most common. T pre- 
shown in Figure 2.15. The centres of the atoms are t have 
sented by points; the lines joining the points do no jy to 
any actual meaning, They have been drawn mere 


3 toms 
e spatial distribution of the a 
clearer to the Teader 


to 

depict cubic lattices. In cages 
visualize these lattices more clearly, imagine tha ner- 
ing blocks in the simplest care 1 
e and face to face. If you now concep 


in Figure 2.152 ages are 
a structure is called body-centred cubic. If point’ of 


e cubes and at the centre? gp 
ice depicted in Figure 
centred cubic. acked 
e 2.15c) is called close-P stand 
angles). In order to gies dis” 
more clearly visualize t 
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Figure 2.45 


tribution of the atoms in this lattice, let us take some 
billiard balls and start packing them as closely as pos- 
sible. First of all, let us form a close layer—it looks like 
billiard balls which have been gathered in by a rack 
before the beginning of a game (Figure 2.16). Note that 
the ball in the middle of the triangle is in contact with 
six neighbours, and these six neighbours form a hexagon. 
We continue the packing by laying one layer upon ano- 
ther. If we place the balls of the second layer directly 
above the balls of the first, such a packing would not 
be close. Trying to distribute the greatest number of 
balls in a definite volume, we should place the balls of 


me second layer in the holes formon ST, the Arnt the 
alls of i in the holes of the second, etc. 
aS (ia een attice, the balls of the 


In a close-packed hexagonal l 
third layer pe placed in such a way that their centres 
lie directly above those of the palls of the first. i 
The centres of the atoms in a close-packed ape 
lattice are distributed just like those A tho balls whic 
are closely packed in the manner described: 
A atent Hany elements crystallize in the lattices of the 


three types described above: 
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Figure 2.16 


Close-packed hexa 


gonal lattice Be, Co, Hf, Ti, Zn, Zr 
Face-centred cubic 


Pe fave Al, Cu, Co, Fe, Au, Gor MP 
Body-centred cubic... | | Cr, Fe, Li, Mo, Ta, Ti, 


tures: 
We shall mention only a few of the other struc 
Th 


Ti 


© structure of diamond is depicted in Figure 
What is ch: 


atom in diamond ha 


2.41. 


arbo? 
Let u$ 


edia 
; e figures, each atom has 12 ae 
neighbours in a close-packed hexagonal lattices just 
atoms forming a face 


P e J 
-centred cubic lattice hav 


A out 
nd each atom has eight neigh 
tice. 


as many neighbours, a 
in a bod strut 
We shall words about graphite, wko i 
ture is shown in Figure 2.48. This structure has a $ wher 
ac 


ista 
i tomic distances: the a a Jl 
between neighbours in a single layer is 2.5 times a 
as the shortest dist 
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Figure 2.17 Figure 2.18 


The presence of weakly bound atomic layers makes it 
easy for graphite crystals to break up along these layers. 
This is why solid graphite can serve as a lubricant in 
those cases when it is impossible to apply lubricating 
oil—for example, at very low or very high temperatures. 
Graphite is a solid lubricant. : 

Friction between two bodies reduces, roughly speaking, 
to the fact that microscopic protuberances of one body fall 
in hollows of the other. The force required for breaking 
up a microscopic graphite crystal is much smaller than 
the frictional forces; therefore, a graphite lubrication 
considerably facilitates the sliding of one body along 
another, 

There is an endless variety in the structures of crystals 
of chemical compounds. The structures of rock salt and 
Carbon dioxide depicted in Figures 2.19 and 2.20 can 
Serve as extreme examples. 
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Figure 2.20 


Crystals of rock salt (Fi 


ms 0 
gure 2.19) consist of ato 
sodium (small dark balls) 


f 
ight balls) 
and chlorine (large light ate 
of a cube. Each sodiu 


: The 
bours of the other kind. 


, np 
atoms whatsoever can he distinguished from the 
by their proximity, 


he chemical formula of NaCl ) ‘lt up 
grounds for Saying that “this substance is om mer 
of molecules of NaCl”. The chemical formula 


i any 
does not give us out 


ely 
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Figure 2.24 


indicates that the substance is constructed from the same 
number toms of sodium and chlorine. 

The hae of the existence of molecules in k pub: 
stance is decided by its structure. If no groups a! oloi 
atoms can be distinguished in it, there are no molbe ie 

A crystal of carbon dioxide, CO, (the ay age oh De 
in cartons of ice cream), is an example of a m 
crystal (Figure 2.20). 7 

The ‘ome of the —_— and carbon Sig ae. 
Cule of CO, are situated along a sttaight ane Se 
ure 2.2). The distance C—O is equal to 41.3 es weep 
distance between oxygen atoms of neighbouring oas 
is about 3 A. It is obvious that under such con "i 
we immediately “recognize” a molecule in ne Si 

olecular crystals are close packings of molecu ra 
order to see this, we must outline the contours o ia 
polecules, This is precisely what has been done 

igure 2.20. 

All organic substances consist of molecular erystols, 
Organic molecules frequently consist of many tens ani 
even hundreds of atoms (those made up of tens of thousan 
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ter). It iS 
of atoms are to be discussed in a = arrangements 
impossible to properly depict their pac Seni drawing? 
graphically. For this reason, you his field. The moe 
Similar to Figure 2.21 in books in ol ap of carbon 
cules of this organic substance are bui nt the valer a 
atoms. The bars between the atoms aoe in air. $ 
bonds. The molecules seem to be sispan ~o Deon draws 
do not believe what you see here. They com be arrapgee 
thus to give you an idea of how the molecu the illustrato 
in a crystal, For the sake of eae, to the ouin 
did not show the hydrogen atoms joine Ae frequently 
atoms of carbon (as a matter of fact, ee ee conside? 
make their similar omissions). He did not Fage definiti 
it necessary to outline the molecule, on principle is 
shape to it. If he had, we would see that t the lock”, 
molecular packing, with the “key sete ones: 
just as valid in this case as in other simi 
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orphows 
We have already Mentioned the fact that the objects 
bodies are rare in the world of solids. Most o ins, abot 
Surrounding us consist of tiny crystalline gra i 
a thousandth of a millimetre in size. ure of me 
Scovered the granular struct ry optic? 
als in the 19th century with the aid of ordina r 
microscopes. Al] t i 


vy 
iona 
The properties of materials depend to an p roop tatio” 
large degree on the size of the grains, their ori 
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Figure 2.22 


and what is happening at their boundaries. For this 
reason, physicists have devoted much research to the 
study of polycrystalline substances. By means of X-ray 
structure analysis, about which we have already promised 
to tell our readers, they found that each grain is a small 
crystal. We repeat our promise. 

All treatment of a metal affects its grains. Suppose we 
have a piece of cast metal. Its grains are in disorder and 
their size is quite large. Then we make wire of the piece 
of metal by drawing it through a die. What happens to 
the crystalline grains in this plastic working operation? 
Investigations have shown that the change in shape of 
a solid in drawing wire or in some other plastic working 
technique breaks up the crystalline grains. At the same 
time, a certain element of order is produced in the arrange- 
ment of these grains by the action of the mechanical 
forces. But what possible kind of order can there be here 
The fragments of the grains are absolutely shapeless. 

This is true: the fragments may be of any random shape, 
but a fragment of a crystal is still a crystal and the atone 
in its lattice are packed as regularly as in any well- 
faceted crystal. Hence, we can indicate in each fragment 
how its unit cells are oriented. Prior to plastic working, 
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Figure 2.23 
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of the arrangement and size of the crystalline grains in 
metals led to an understanding of the fundamental prin- 
ciples involved in the plastic working of metals. This, 
in turn, led to the improvements of the techniques em- 
ployed. 

_ Another important kind of metal treatment, anneal- 
ing, is also associated with the rearrangement of the met- 
al grains. If rolled or drawn metal is heated to a suffi- 
ciently high temperature, new crystals are formed, which 
grow at the expense of the old ones. Annealing gradually 
destroys the texture; the new crystals are arranged dis- 
orderly. As the temperature is raised (or the metal is 
held longer at the annealing temperature), new grains 
grow and the old ones disappear. The grains can grow to 
a size visible to the naked eye. Annealing drastically 
alters the properties of a metal. It becomes more ductile 
and softer. This occurs because the grains become coarser 
and the texture disappears. 
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If two differently heated bodies are brough 
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e will 
ne will cool off and the eee 
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i As we have already said, heat exchange aie is said 
energy transfer; the body which gives ot ei makes ou 
to be hotter. We feel that a body is hot if i ntrary. i 
and warm, transfers energy to it. On the tekint energy 
body is felt to be cold, this means that it is ta i 
away from our bod t (i.e. giving 
Concerning a body which is giving off hea its temper 
off energy by means of heat exchange), we say: taking i? 
ature is higher than that of the body which is 
this heat, 


Observing whether a 


je 
is c00 
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saa, Tem 
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Perature is a kind of mark indicating for which which 
object of interest to us will be a giver, and for 
Teceiver, of heat, 
Temperature is measu 


ted by thermometers. 
The structure of the 
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_ If the body of a thermometer changes its volume when 
in contact with various bodies, this implies that these 
bodies have different temperatures. When the volume of 
the body of a thermometer is greater, the temperature is 
higher, and when the volume is smaller, the temperature 
is lower. 

There are various substances that can serve as thermom- 
eters: liquids (such as mercury or alcohol), solids (such 
as metals), and gases. But different substances expand 
differently, and so mercurial, alcoholic, gaseous and other 

degrees” will not coincide. Of course, two basic points, 
the melting point of ice and the boiling point of water, 
can always be marked on all thermometers. Therefore, 
all thermometers will indicate 0 and 100 degrees centi- 
grade identically. But bodies will not expand identically 
between 0 and 100 degrees. One body expands rapidly 
between 0 and 50 degrees on a mercury thermometer, and 
slowly in the second part of this interval, but another, 
vice versa. 

i Having made thermometers with differently expand- 
ing bodies, we will discover noticeable discrepancies in 
their readings, in spite of the fact that their readings will 
coincide for the basic points. Moreover, a water thermom- 
eter would lead us to the following discovery: if a body 
cooled to zero is placed on an electric stove, its ‘water 
temperature” would first fall and then rise. This happens 
because water at first decreases its volume when heated, 
and only later behaves “normally”, i.e. increases its 
volume when heated. j 

We see that a rash choice of materia 
can bring us to an impasse. r , 

But then what should we be guided by in choosing a 
“true” thermometer? Which body would be ideal for this 
purpose? 

We have already spo t 
are ideal gases. There are no 1m 


1 for a thérmometer 


ken about such ideal bodies. They 
teractions between the 
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particles of an ideal gas and, studying a ite. molecules 

n ideal gas, we study how the motion of i ideal gas is 

changes. This is precisely the reason why an 

an ideal body for a thermometer. ile water does 

And it really is a striking fact that whi e nor glass 
not expand like alcohol (nor alcohol like glass, 


ther 
p ny 0 
like iron), then hydrogen, oxygen, nitrogen and a lled 
gas in a sufficiently 


ideal expand in exa 


a del 
anges in volume undergone DY Sing 
eal gas serve as the basis fo fant 

sics. Of course, in view of aerate 
gases are highly Compressible, one must be tant pres- 
ng to it that the gas is under cons 
sure, 
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other words, the change in the volume of t C ntigra 4 
corresponds to one degree ce 


V—YV, o Y—V, 
tC 0 10 g toC "E 0 
1V +00, i.e, 100 — Vioo—Vo y to 
By means of this equality, we assign each volue hich 
a temperature ¢ and obtain the temperature scale 
Physicists use, 
*Th d Iting poing 
Ne centigrade scale at whi Cj the melti the 
of ice, and 100 °C ag ome ene (both at 
standard pressure of 760 mm i 


to 
A In sp! 
Š ae 8) is very convenient. ing 
of this, the British ang the Americans have so far been = oa 
a temperature scale Which seems very strange to us. How: 


3. Temperatu: 
perature 15 


ne Bi in temperature, the volume of a gas in- 
tha pe rout bound—there is no theoretical limit to 
ee in temperature. On the contrary, low (nega- 
a he centigrade scale) temperatures have a 
PE se Ge when the temperature is lowered? 
ong, Ge wi : eae turn into a liquid, and with an 
Spies ies a ia in temperature, will solidify. The gas 
this ie hag gather in a small volume. But what will 
ideal gas? T e equal to for a thermometer filled with an 
and He not r molecules do not interact with each other 
EE ave any volume of their own. Hence, a de- 
ea We emperature brings an ideal gas to a zero vol- 
E N ji qite possible to come as close as we wish in 
ge oA a proviant that is characteristic of an ideal 
to All u Hey e, to a zero volume. For this it is necessary 
ief zas Pa e gas thermometer with more and more rare- 
mna ora ore, we won't go wrong by assuming the 
Deca volume of the gas equal to zero. 
aes ae to our formula, the lowest possible tempera- 
called a to a zero volume. This temperature is 
e absolute zero of temperature. 

e-_—_ 
paale, will you react to the following sentence taken from 
English novel: “The summer wasn't hot, the temperature 
hrenheit scale (°F). 


was 60-70 degrees.” A misprint? No, the Fa 
‘alls below —20 °C. Fahren- 


ae temperature in England rarely f 

Sk selected a mixture of ice an salt having approximately 

a temperature and took this i 

i , the standard temperature of a human 
ver, in order to 


bably made use of the 


ture of a human body is š 
+32 °F and boils at 212 °F. The 


t°C=+ (¢—32) oF 
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on 

In order to determine the Position of absolute re val 

the centigrade scale, we must substitute zero for derived: 

ume (V = 0) in the temperature formula just AF 

Sige ow © the C of absolute zero i 

—100V o/(Vioo — Vo). à 

í It red Si ibe this remarkable point gi ge 

temperature of about —273°C (more precisely, —273. zero; 
Thus, there are no temperatures below absolute 


as. 
for they would correspond to negative volumes of a g It 
It doesn’t make g 


is just as impossi 
lute zero as to mak 

It is impossib] 
one cannot take 
bodies and the p 
possible energy 
kinetic energy e 


sumes its least possible value at absolute zero. 
Since absolut 


it is 
e zero is the lowest temperature, it 
only natural th 


egin at absolute zer 
those of its branche 
important role. It 


f e, 

scale is also called the Kelvin Aet 

in honour of the well-known 19th century English S7 ps" 

tist, and the notati n T K is employed in place of ps0- 
A formula for a gas thermometer determining the a 

lute temperature 7 can be written down in the form 


= v—v, 

P= 100 pt 4.273 a 
Using the equality 1007 ,/(y,,, — Va) = 273, we arri 
at the following simple result: 

T 4 


273 Vy 
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Therefore, the absolute temperature is simply proportion- 
al to the volume of an ideal gas. 

Exact measurements of temperature require all kinds of 
contrivances on the part of the physicist. Mercury, al- 
cohol (for Arctic regions) and other thermometers are 
graduated by comparison with a gas thermometer over 
a rather wide temperature interval. However, it too is 
also unsuitable for temperatures very close to absolute 
ed (below 0.7 K), when all gases liquefy, and also for 
a above 600 °C, when gases penetrate glass. 
E er principles of temperature measurement are used 
or high and very low temperatures. 

As for practical methods of measuring temperature, 
they are manifold. Instruments based on electrical phe- 
nomena are of great significance. It is now important to 
remember only one thing—during all measurements of 
temperature, we should be convinced that the reading 
obtained completely coincides with what a measurement 
of the expansion of a rarefied gas would give. 

T High temperatures arise in ovens, furnaces and burners. 
emperatures of 220-280 °C are attained in baking ovens. 
Higher temperatures are applied in metallurgy—harden- 
ing furnaces yield 900-1000 °C, forges yield 1400-1500 °C, 
emperatures of 2000 °C are attained in steel furnaces. 

The records for high temperature in a furnace are ob- 
tained with the aid of electric arcs (about 5000 °C). The 
are flame makes it possible “to deal” with the most re- 


fractory metals. 

‘And what is the temperature of the flame of a gas burn- 
er? The temperature in the inner pluish cone of flame is 
only 300 °C. The temperature in the outer cone attains 
1800 °C. 

Incomparably higher 
explosion of an atomic b 
mates, the temperature at the 
attains several million degrees. 


temperatures arise during the 
omb. Judging by indirect esti- 
centre of the explosion 
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i h ul- 
Attempts have recently been made to OMNE T hoaa 
trahigh temperatures in special laboratory Ens It has 
built in the Soviet Union and in other ap eipecmnl aile 
proved possible to attain temperatures up to sever 
lion degrees for very brief moments. 
Ultrahigh temp 
the Earth, but o 


ces 0 
attains tens of millions of degrees. But the coer - 
stars have a Considerably lower temperature, no 


ted up t° 
ing 20 000°C. The surface of the Sun gets heate 
6000 °C, 


Ideal Gas Theory 


The pr 
temperature 


stant 
ct pV remains constant. For a con 
pressure, the quotient V/T 


temperature changes. It is easy tT zo- 
these two laws. It is clear that the expression p 
mains the same 


with 
, as for a constant temperature but 
changing y and p; 


sure 
: the same is true for a constant pres Te” 
ut with changing V an 


also simultaneously in all th f the quantities P», 
and T. The law p¥/ eis Taaa 


tion 
= Const is known as the equa 
of state of an ideal gas 


; its 
n ideal gas is chosen for a thermometer because Ae 
properties depend only on the motion (but not on the 
teraction) of its molecules, o- 
What is the nature of the relationship between the 2 
tion of molecules 


A es- 
and temperature? To answer this Tho 
tion, it is necessary t 


o tnd the relationship scat ite 
Pressure of a gas and the Motion of the molecules i 
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v) 
NAFTER 
\mpacT] 


Figure 3.4 


In a spherical vessel of radius R, N molecules of a gas 
are contained (Figure 3.1). Let us follow an arbitrary 
molecule, for example, one which is moving at a given 
moment from left to right along a chord of length }. We 
shall not pay attention to molecular collisions: such 
impacts do not affect the pressure. Having flown to the 
boundary of the vessel, the molecule will strike against 
the wall and fly off in some other direction with the same 
Speed (the collision is elastic). Ideally, such a journey 
through the vessel might continue eternally. If v is the 
molecular velocity, each impact will occur after lv 
seconds, i.e. each molecule will strike the wall v/} times 
a second. The continual hail of impacts by the N mole- 
cules unites into a single force of pressure. i 

According to Newton’s law, the force is equal to the 
change in momentum during a unit of time. Let us de- 
note the change in momentum at each impact by A. This 
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a con- 
change occurs v/l times a second. Consequently, the enle 
tribution to the force on the part of a single 
will be Av/l. e and 

The momentum vectors before and after an oo in 
also the momentum transfer A have been eee one aa 
Figure 3.1. It follows from the similarity of the The con- 
arising in the construction that A/l = mui R. olecule 
tribution to the force on the part of a single m 
will take the following form: 

me 


R 


, r- 
Since the length of the chord does not occur in re 
mula, it is clear that molecules moving along af a of 
chords make an identical contribution to the a ran 
course, the change in momentum will be smaller il be 
oblique impact, but then the impacts in this case wriectS 
more frequent. Calculations show that these two è 
exactly compensate for each other. ultant 
Since there are M molecules in the sphere, the res 
force will be equal to 


Nmvi, 


where vay is the average molecular velocity. by 
The pressure p of the gas equal to the force divided 
the surface area of the sphere, 4nR?, is 


_ Nm, a Nmvky Nmv2, 
P= aR = aps SV 
3 
where V is the volume of the sphere. 
Therefore, 


pV =+-Nmwty 
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This equation was first derived by Daniel Bernoulli in 
1738*. 

It follows from the equation of state of an ideal gas 
that pV = const -T; we see from the equation just derived 
that pV is proportional to viy. Hence, 


Taviy, or vavaVT 


i.e. the average velocity of an ideal gas molecule is pro- 
portional to the square root of the absolute temperature. 


Avogadro's Law 


Assume that a substance is a mixture of different mole- 
cules. Isn’t there a physical quantity characterizing a 
motion which would be identical for all these molecules, 
Say, for hydrogen and oxygen, provided their tempera- 
tures are identical? 

Mechanics yields an answer to this question. It can be 
proved that the average kinetic energy mvay/2 of the trans- 
latory motion will be identical for all molecules. 

This implies that for a given temperature, the average 
square of the molecular velocities is inversely proportion- 
al to the mass of the particles: 


$ 4 
me T Vay & = 


m 
i Let us return to the equation 
e quantities mv3, are identica i i 
temperatire, the umber WV of molecules contained = a 
given volume V at a definite pressure p and fernpera ure 
T is identical for all gases. This rene aW was 
drsi formulated by Amedeo Avogadro (1776-4 JA 


-e . 
i we i in Russia; 

*OF i icin, D. Bernoulli worked and lived in R ; 
he aa onn of the St. Petersburg Academy of Sience, 
No less well known is the activity of Johann (Jean) Bernoulli 
and Jakob (Jacques) Bernoulli. All three were brothers, not 


namesakes. 


2 
Vav ŒX 


pV = (4/8) Nmmviy. Since 
] for all gases at a given 


6-1179 
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P 3 turns 
But how many molecules are there in 4 eer 9 
out that there are 2.7 x 40!° molecules in ber. So that 
and 760 mm Hg. This is an enormous num example. 
you can feel just how great it is, let us give veal with 
Suppose that gas is flowing out of a 1-cm ach second: 
such a speed that a million molecules leave Fs vessel & 
It isn’t hard to calculate that it a take the f 
million years to get rid of the gas j essu! 
Åvogadro's las shows that under a definite Eiga to 
and temperature, the ratio of the number of A a quan 
the volume in which they are contained, N/V, i 
tity that is identical for all gases. tio of the 
Since the density of a gas p = Nm/V, the ra : 


: masses: 
densities of gases is equal to that of their molecular 


fm 
Pa m deter- 
re be 
The relative masses of molecules can therefore b h 
mined b 


y simply weighing gaseous substances ett 
measurements once played a great role in the sigh that 
of chemistry. It also follows from Avogadro S deal ga% 
for a mole of any substance in the state of an i ed afto! 
PV = kN4T, where k is a universal constant ae equal 
the famous German physicist Ludwig Boltzman called 
eR ME ee The produsi D = ANa i 
the universal gas constant. 
he ideal gas law is often written as 

PV = pRT 
where p is 


in moles 
the amount of substance expressed i 
This equati 


on is frequently applied in practice. 
Molecular Velocities 
Theory shows that f 
age kinetic energy of 
cording to our defin 


er” 
eave 
or a constant temperature, he _ A0 
molecules, my%,/2, is iden averag? 
ition of temperature, this 
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kinetic energy of the translatory motion of the molecules 
of a gas is proportional to the absolute temperature. 

Combining the ideal gas equation with Bernoulli's 
equation we obtain 

mv? 2 

(F) =o ar 

Temperature measurements with a thermometer filled 
with an ideal gas add a meaning of rare simplicity to this 
measure. The temperature is proportional to the average 
value of the energy of translatory motion of the mole- 
cules. Since we live in three-dimensional space, we can 
say that a point moving at random has three degrees of 
freedom. Consequently, there is 7/2 energy per degree 
of freedom of a moving particle. 

Let us determine the average speed of oxygen mole- 
cules at room temperature, which we take to be 27 °C = 
= 300 K in round numbers. The molecular mass of oxy- 
gen is 32, so the mass of one molecule equals 32/(6 X 10%) g. 
A simple computation yields vay = 4.8 X 104 cm/s, i.e. 
about 500 m/s. Molecules of hydrogen move considerably 
faster. Their masses are 16 times as small, and their 
Speeds are |/ 16 = 4 times as great, i.e. are about 2 km/s 
at room temperature. Let us estimate the thermal speed 
of a small particle which is visible through a microscope. 

n ordinary microscope permits us to see a dust particle 
of í um (40-4 cm) in diameter. The mass of such a particle 
with a density close to unity will be in the neighbourhood 
of 5 x 1078 g, We obtain about 0.5 cm/s for its speed. 
It is not surprising that such motion is quite noticeable. 

The speed of the Brownian movement of a particle with 
a mass of 0.4 g will be only 1078 cm/s in all. It is no 
wonder that we do not see the Brownian movement of 
such particles. 

We have spoken of the average speed of a molecule. 
But not all molecules move with the same speed; a cer- 


6* 
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800 1000 
MOLECULAR VELOCITY, m/s 


Figure 3.2 


others 
tain fraction of the molecules move faster, prreulated: 
Move slower. It turns out that this can all be 
We shall only pre 
Atat i l to 500 m d 
age speed of nitrogen molecules is equa en 300 ana 
59% of the molecules move with speeds between al 
700 m/s, 


9 
m/s. There are only as oath 
molecules with Speeds greater than 1000 m/s ( vering the 

ach column is Constructed with its base co column 38 
velocity range it Tefers to and the area of each 
Proportional to the 


a 
se velo 
Percentage of molecules whos 

ity lies within this 


range. ; PENE mole- 
It is also possible to calculate the distribution : 
cules over the energy of their translatory motio an 
e number of 


rag 
ur times as large as the ave x 


0. 
mes as large as the avene” 02%: 
x 10-*%, 16 times as large as the average A a spee 
The energy of an oxygen molecule moving wi 
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of 14 km/s is equal to 32 x 10-' erg. The average energy 
of a molecule at room temperature is, equal to only 
6 x 10-1 erg. Therefore, the energy of an “eleven-kilo- 
metre molecule” is at least 500 times as great as the ener- 
gy of a molecule with the average speed. It is not surpris- 
ing that the fraction of the molecules with speeds higher 
than 14 km/s is equal to an unimaginably small number— 
of the order of 10-8. 

But why are we intrigued with the speed of 11 km/s? 
In the first book we spoke of the fact that only bodies 
having this speed can escape from the Earth. Hence, 
molecules which have risen to a great height can lose 
their ties to the Earth and take off in a distant interplane- 
tary trip, but for this it is necessary to have a speed of 
11 km/s. The fraction of such fast molecules, as we have 
seen, is so negligible that there is no danger of the Earth’s 
losing its atmosphere even in the course of a thousand 
million years. 

The rate of leaving the atmosphere depends to an ex- 
traordinarily great degree on the gravitational energy 
GMmlr. If the average kinetic energy of a molecule is 
many times less than the gravitational energy, the es- 
cape of the molecules from the Earth is practically impos- 
sible. The gravitational energy on the surface of the Moon 
is 20 times as small, which gives an oxygen molecule a 
“runaway” energy of 1.5 X 40-12 erg. This value exceeds 
that of the average kinetic energy of a molecule by a factor 
of only 20-25. The fraction of the molecules capable of 
breaking away from the Moon is equal to 10-. This is 
already entirely different than 40-8, and computations 
show that the air would leave the Moon quickly enough 
for interplanetary space. It is not surprising that there is 


no atmosphere on the Moon. 
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es 
If a body is heated, the motion of its atoms (molecule! 
will be more intensive, They will start pushing eac g well- 
away and will occupy more space. The —— ases 
known fact is explained by this: solids, liquids and & 
expand when heated. ¿pansion 
We don’t have to say much about the thermal eo to 
of gases: in fact, the proportionality of gas tempera le 
volume was made the basis of our temperature sca Jume 
We see from the formula V = V,T/273 that the le by 
of a gas under a Constant pressure grows by 1/273 ie tem- 
0.0037) of its value at 0 °C for each 1°C increase in sac’s 
ia (this situation is sometimes called Gay-Lus 
aw). 


Under ordinary conditions, i.e. at room oo 
and standard atmospheric pressure, most liquids © 
one-third to o; 


We have al 


water, rising from b 


. r 
l ith a further fall in temperature, the yo 
layers will no longer Contract, will therefore not bo wit 
heavier and will not sink to the bottom. Starting 


egrees and freezes. 


iyers 
f water that prevents riven? 
beds. If water were to soi 
nomaly, the disastrous sill 

ly pictured even by a pers 
without a rich imagination, 


It is only t 
from freezin 
denly lose its remarkable a 
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The thermal expansion of solids is considerably less 
than that of liquids. It is hundreds and thousands of 
times less than the expansion of gases. 

Thermal expansion is an annoying hindrance in many 
cases. Thus, a change in the sizes of the moving parts of 
a clockwork with a change in temperature would lead to 
a change in the speed of the clock, if a special alloy, in- 
var (invariant means unchanging, whence the name “in- 
var”), were not used for these delicate components. Invar, 
steel with a large nickel content, is widely used in the 
instrument manufacture. An invar rod is lengthened by 
re one-millionth when its temperature increases by 

An apparently negligible thermal expansion of a solid 
body can lead to serious consequences. The reason for 
this is that the low compressibility of solids makes it 
hard to hinder their thermal expansion. 

When heated by 1 °C, a steel rod will increase in length 
by only one-hundred-thousandth, i.e. by an amount un- 
noticeable to the unaided eye. However, in order to pre- 
vent the expansion and compress the rod one-hundred- 
thousandth, a force of 20 kgf on 1 cm? is needed. And this 
is merely for cancelling the effect of a rise in temperature 
by only 4°C. f 

The forces arising from thermal expansion can lead v 
breakages and catastrophes if they are not reckoned vath 

us, in order to avoid the action of these forces, the 
rails of a railroad-bed are laid with clearances. One has 
to remember these forces when handling glassware which 
is easily cracked by non-uniform heating. It is therefore 
the practice in laboratories to use vessels made of Ta 
glass (fused quartz, silicon dioxide, exists in an amorphous 
State), which lack this drawback.. For one and the same 
rise in temperature, a copper bar will be lengthened by a 
millimetre, while the same sized bar of quartz glass will 
change its length by the unnoticeable amount of 30- 
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. ae t that 
40 um. The expansion of quartz is so pee 
a quartz vessel can be heated by several hundr 
and then thrown into water without any fear. 


Heat Capacity 


OC ty — py 


i ity 
to it in the form of heat. Here C is the proportions ie 
factor, which is called the keat capacity of the bo Sa the 
definition of the concept of heat capacity follows ine t 
formula: C is the amount of heat necessary for raisi 


s 0 
temperature by 1 °C. The heat capacity also depend and 
© temperature: Tises in temperature from 0 to 

from 100 to 104 


A nts 0 
heat °C require Somewhat different amou 
eat, 


a 
The quantity C is usual] unit mes 

y referred to a ma 
ealed the specific heat. It is then denoted by the § 
etter c. 


nd 
ll 


body of 

The amount of heat which goes to heat up a 

mass m is given by the following formula: 
Q=me(T,~ 7 1) 


t of 

A we shall make use of the een 
specific heat Capacity, but shall speak of the heat ¡tional 
ity of a body for ¢ e sake of conciseness, An addi 
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Most bodies have a heat capacity less than that of 
water. Thus, most oils, alcohols and other liquids have 
heat capacities close to 0.5 cal/g-K. Quartz, glass and 
sand have a heat capacity of the order of 0.2 cal/g-K. 
The heat capacity of iron and copper is about 0.1 cal/g-K. 
And here are examples of the heat capacities of some 
gases: hydrogen, 3.4 cal/g-K; air, 0.24 cal/g-K. 

The heat capacities of all bodies decrease, as a rule, 
with a fall in temperature, and assume negligible values 
for most bodies at temperatures close to absolute zero. 
Thus, the heat capacity of copper: is equal to only 0.0035 
at 20 K; this is twenty-four times less than at room tem- 
perature. ‘ 

A knowledge of heat capacities may prove useful for 
Solving various problems on the distribution of heat 
among bodies. 

The difference between the heat capacities of water and 
Soil is one of the causes determining the distinction be- 
tween maritime and continental climates. Possessing 
approximately five times as great a heat capacity as soil, 
water warms up slowly and cools off just as slowly. ; 

In summer in maritime regions, the water, having 
warmed up more slowly than the land, cools the air, but 
in winter, the warm sea gradually cools off, yielding heat 
to the air and making the frost less severe. It is not qifa- 
cult to calculate that 1 m? of sea water, cooling or by 

°C, warms up 3000 m? of air by 1 °C. Con gees a 
maritime regions the variations in br sian aoe 
difference between winter and summer temperatures 
less substantial than in continental regions. 


Thermal Conductivity l 
Each object can serve as a “bridge” along which heat 


passes from a warmer body to a cooler one. ror erain, 
a tea spoon placed in a glass of hot tea is such a bridge. 
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of the 

Metallic objects conduct heat very well. TAR i course 

spoon placed in the glass will become warm ; 

f a second. , ndle 0 
E If it is necessary to stir a hot mixture, the ha 


ids 
f ese soli 
the stirrer must be made of wood or plastic. Th 
conduct heat a thousa 


Among the po 
heat insulators, 


ese 
. e of thi 
walls of houses, ovens and refrigerators are mad 
materials, 


Is. The 
Among the good conductors are all the san heat 
est conductors are Copper and silver—they co 

twice as well as i 3 


iron G ” for 
f course, not only solids can serve as ee ‘auc 
the transfer of heat. Liquids also conduct heat, 4 etalsis 
worse than metals, The thermal conductivity o. 7 liqui 
greater than that of solid an 
non-metallic bodies, 


ctiv- 
n order to demonstrate the poor thermal condu 
ity of water, the follow; i 


called 
or heat conductors, they are also The 


- If the test 
made of metal, then the 


n copper. 

Gases conduct heat 
non-metallic bodies, Th 
twenty thousand times 
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The poor thermal conductivity of gases permits us to 
hold in our hands a piece of dry ice whose temperature is 
—78 °C, and to even hold on our palms a drop of liquid 
nitrogen having a temperature of —196 °C. If we do not 
Squeeze these cold objects with our- fingers, there will be 
no “burn”, The reason consists in the fact that when the 
drop of liquid or the piece of solid is boiling very energet- 
ically, it is covered by a “vapour jacket”, and the layer 
of gas so formed serves as a heat insulator. 

The spheroidal state of a liquid, this is what one calls 
the state in which drops are covered by vapour, is formed 
whenever water gets into a very hot frying-pan. Drops 
of boiling water, having fallen on one’s palm, severely 
burn one’s hand, although the difference in temperature 
between boiling water and a human body is less than that 

etween a hand and liquid air. Since one’s hand is colder 

than the drops of boiling water, heat leaves the drops, the 
boiling ceases and no vapour jacket is formed. 
__ It isn’t hard to understand that the best heat insulator 
isa vacuum—emptiness. There are no carriers of heat in 
aà vacuum, and so the thermal conductivity will be at a 
minimum. X 

Therefore, if we want to create a thermal shield, hide 
something warm from something cold or vice versa, the 
best thing to do is to erect a casing with double walls and 
pump the air out of the space between them. When doing 
this, we come across the following curious phenomenon. 
If we keep track of the change in thermal conductivity 
of the gas as it is being rarefied, we shall observe that 
right until the moment when the pressure reaches A 
eral millimetres of mercury column the thermal conduc- 
tivity remains practically constant. Our expectations are 
only justified when, with the passage to a higher vacuum, 
the thermal conductivity sharply falls off. 

But what is the cause of this? 
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t try 

: we mus 

In order to understand this oor e gat E 

to visualize the process of heat transfer saath ak : 
Heat transfer from a warm place i nergy from on 

place by means of the transmission of e 


. ions 
p at collisi 
molecule to a neighbouring one. It is clear th 


a 
to an a! 
between fast and slow molecules usually lead the 
celeration of the slow 


ion 0 
molecules and a decelera T pecori 
fast ones. And this means that the hot place 
colder, while the cold place will warm my an i 
But how will a decrease in pressure affect ity, the num 
Since a decrease in pressure lowers the cens dales: during 
ber of collisions between fast and slow me ‘ain decrease: 
which a transmission of energy occurs, will ns Howevel 
This would decrease the thermal —. a to jt 
a decrease in pressure, leads, on the ot oI cules, Wi Ss 
increase in the mean free path of the mole ten 


d this 
therefore transfer heat by greater distances, an . 
to increase the the 


transfer? 


the air is being pu 4 


on 
es 50 © 
This will be the case until the vacuum becom the 
siderable that the 


to 

e 

mean free path is comparabl further 
etween th 


e cal f 
- In such a case they n 
» in honour of their iven a such 
nd oxygen are transporte 
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vessels. Later we shall tell how these gases are obtained 
in a liquid state*. 


Convection 

_ But if water is such a poor heat conductor, how does 
it warm up in a tea-kettle? Air conducts heat even worse; 
then it isn’t clear why the same temperature is established 
in all parts of a room. 

Water in a tea-kettle quickly boils because of gravity. 
The lower layers of water, having warmed up, expand, 
become lighter and rise to the top, with cold water tak- 
ing their place. A rapid heating occurs thanks only to 
convection (derived from the Latin convectus meaning 
“bring together”). It wouldn’t be so easy to heat up water 
in a tea-kettle located in an interplanetary rocket. 

Somewhat earlier explaining why rivers do not freeze 
down to the bottom, we spoke of another case of convec- 
tion currents of water without using this word. 

Why are the radiators of a central heating placed near 
the floor? Why is the ventilation window made in the 
upper part of a window? It might be more convenient to 
open a ventilation window if it were lower down, and it 
might not be a bad idea to place radiators under the ceil- 
ing, so that they did not get in the way. If we were 
to follow such advice, we would soon discover 
that the room is not being warmed up by the radia- 
tor and not being aired when the ventilation window is 
Open. 

= bottl d 

E F i rs of vacuum bottles notice: 

eyeryone who has seen, cyliiver-plated. But why? The fact 
is that thermal conductivity is not the only means of trans- 
y to transfer heat, 


ferring h cists yet another wa 
g; heat. There eaa T so-called radiation. 


which in another book, 
SE epeak rar i it js much weaker than thermal 


Under ordinary conditions, l 
conductivity, "Iut is nevertheless quite noticeable. The walls 
of vacuum bottles are covered with a coating of silver precisely 
in order to weaken the radiation. 


94 
Molecules 


. s 

The same thing takes place with the air in anin 
with the water in a tea-kettle. When the radiator is an 
on, the air in the lower layers of the room begins a the 
ing up. It expands, becomes lighter and rises towar 
ceiling. Heavier layers of cold air arrive in its place: a 
they, having warmed up, leave for the ceiling. A 6° air 
uous air current thus arises in the room, with wo 
moving up from below and cold air moving down dmit 
above. Opening a Ventilation window in winter, we 4 the 
a stream of cold air into the room. It is heavier than 
air in the room, and so goes down, forcing out oY nate 
alr, which rises towards the top of the room and le 
through the ventilation window. ‘ ered 

A kerosene lamp flames up well only when it is te the 
with a tall piece of glass. One should not think tha 
glass is needed only in order to shield the flame ana of 
wind. Even in the calmest weather, the brightne® 
the flame immediately increases when the glass 15 Fe ing 
the lamp. The role of the glass consists in intensity 
the stream of air approaching the flame—in creas, 
draught. This occurs because the air inside „the bi A 
1 ©prived of the oxygen that was used for the burning, 4 into 
.Y warms up and tises, while pure cold air ONS p. 
les made in the burner of the 
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4 of att in the lamp and the oo his 
L „gaer the column of air, the grea 
pe in weight, and so the faster the moveme? on 
i actory chimneys are also made high for this hye 
ed for ee Tapid influx of air, a good draught, is of a 
high chimney. y furnace, It is achieved as a result 


The lack of convection i id of weight 
ibe : n in a rocket devoid 0 : 
makes it Impossible to use matches, lamps or gas purners 
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the products of combustion would smother the flame. 

_Air is a poor conductor; we can conserve heat with its 
aid, but only under one condition: if we avoid convection, 
the mixing of warm and cold air, which will bring to 
naught the thermal-insulation properties of air. 

The elimination of convection is achieved by applying 
various kinds of porous and fibrous bodies. It is difficult 
for air to move inside such bodies. All bodies of this kind 
are good heat insulators, thanks only to their ability to 
retain a layer of air. But the thermal conductivity of the 
substance itself of which the fibres or the walls of the 
pores consist can be not very small. 

A good fur coat is made of a dense fur containing as 
many fibres as possible; eiderdown can be used to make 
warm sleeping bags weighing less than half a kilogram, 
due to the exceptional thinness of its fibres. Half a kilo- 
gram of this down can “detain” as much air as tens of 
kilograms of sheet wadding. 

Storm windows are made in order to reduce the con- 
vection. The air between the panes does not participate 
in the mixing of layers of air which takes place within 
the room. 

On the contrary, every m 
the mixing and increases t 
precisely why we fan ourselves 0 
when we want the heat to go away A 
makes it colder in the wind. But if the air temperature 1s 
higher than one’s body temperature, the mixing has the 
opposite effect, and a wind feels like a hot breath of air. 

The problem involved in a steam boiler consists in 
obtaining steam heated to the required temperature as 
quickly as possible. The natural convection in a gravita- 
tional field is quite insufficient for this. Therefore, the 
creation of an intensive circulation of water and steam, 
leading to the mixing of warm and cold layers, is one of 
the basic problems in the construction of steam boilers. 


ovement of the air intensifies 
he transfer of heat. This is 
r turn on the ventilator 
faster. This is also what 
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Iron Vapour and Solid Air 


nae g owevels 
A strange combination of words, isn’t peel aif 
this is by no means nonsense: iron vapour a ditions. 
exist in nature, only not under ordinary con The state 
But what Conditions are we talking about? nees: tem” 
of a substance is determined by two circumsta 
perature and pressure, 


la- 
l ; nge Te 
ur lives proceed under Conditions which chang 
tively little, The air 


air, say, near Moscow, lies in the interval rori pos” 
C; in the absolute scale, in which the lo interval 
sible temperature (—273 °C) is taken as zero, th - lso oD 
less impressive: 240-300 K, which is a 
+10% of the average value, 9 
natural that ple 
to 


first liquefy and then solidify 
Even if the reader ha ifficultY 
she will Probably believe without di ossible 
that by means of a ¢ ange in temperature it is p 5 sta 
to obtain any substance in a Solid, liquid and sare ne 
or, as is also said, in a Solid, liquid or gaseous p. 
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It is easy to believe this because everyone has observed 
a substance without which life on the Earth would be 
impossible, and that substance is in the form of a gas, 
a liquid, or a solid. We are speaking, of course, of water. 

But under what conditions does a transformation of a 
substance from one state to another occur? 


Boiling 


If we lower a thermometer into water which has been 
poured into a tea-kettle, turn on the electric stove and 
watch the mercury in the thermometer, we shall see the 
following: the level of the mercury will inch upwards 
almost immediately. Now it is already 90, 95 and finally 
100 °C. The water begins boiling and simultaneously the 
mercury stops rising. The water has already been boiling 
for many minutes, but the level of the mercury does not 
change. The temperature will not change until all the 
water has boiled away (Figure 4.1). 

But what is the heat used for if the temperature of the 
water does not change? The answer is obvious. The process 
of transforming water into steam requires energy. 

Let us compare the energy of a gram of water and a gram 
of the steam created out of it. The molecules of the steam 
are distributed farther from each other than the water 
molecules. It is obvious that because of this the potential 
energy of the water will differ from that of the steam. 

The potential energy of attracting particles decreases 
as they approach. The energy of the steam is therefore 
greater than that of the water, and so the transformation 
of water into steam requires energy. This excess energy 
is imparted by the electric stove to the water boiling in 
the tea-kettle. 

he energy needed for transforming water into steam 
is called its heat of vaporization. In order to transform 1g 
of water into steam, 539 calories are required (this figure 


7-1179 
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Figure 4.4 


e used 


is for a temperature of 100 °C). If 539 calories av Jied 


for 1 g, then 18 x 539 ~ 9700 calories will be BURRS 
to 1 mole of water. This amount of heat must be o g this 
i i intermolecular bonds. One can compii the 
fi unt of work necessary for brenis stea 
intramolecular bonds. In order to split one mole ot 5'7 e, 
; » about 220 000 calories are require weak- 
times as much energy. This directly proves the r 
ness of the forces binding molecules to each other, 


a 


; ole- 
compared to the forces finding atoms together in a M 
cule. 
Dependence of Boiling Point 
on Pressure ht 
echt 
The boiling point of w th 


d ater is equal to 100 °C; one m 
think that this is an inherent property of wales S 
water will always boil at 100 °C, no matter where 
under what conditions it may be. 


that 
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But this is not so, and people who live high up in the 
mountains are perfectly well aware of this. 

There is a tourist cabin and a scientific station near 
the top of Mt. Elbrus. Novices are sometimes amazed 
at “how hard it is to boil an egg in boiling water” or 
wonder “why boiling water doesn’t scald”. In such cases, 
it is pointed out to them that water is already boiling 
at 82 °C on the top of Mt. Elbrus. 

But what causes this? What physical factor interferes 
with boiling? And does the height above sea level have 
any significance? 

This physical factor is the pressure acting on the surface 
of the liquid. It isn’t necessary to climb to the top of a 
eo in order to check the validity of what we have 
said. 

If we place a bell glass over water that is being heated 
and pump air into or out of it, we can convince ourselves 
that the boiling point is raised by an increase in pressure 
and lowered by a decrease in pressure. 

Water boils at 100°C only at a definite pressure— 
760 mm Hg (or 4 atm). A ; 

The curve showing the dependence of the boiling point 
on the pressure is depicted in Figure 4.2. The pressure is 
equal to 0.5 atm on the top of Mt. Elbrus, and a boiling 
point of 82°C corresponds to this pressure. 

But it is even possible to refresh oneself in hot weather 
with water boiling at 10-15 mm Hg. At such pressures, 
the boiling point will fall to 10-15 C. : 

One can even obtain “boiling water” having a temper- 
ature of freezing water. One has to lower the pressure to 
4.6 mm Hg for this. A laci 

It is possible to observe an interesting scene by placing 
an uncovered vessel with water under a bell glass and 
pumping the air out. This will make. the water boil, but 
boiling requires heat. But since there is no air, the walter 
has to give up its own energy. The temperature of the 
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Š con- 
boiling water Starts falling, but since the eerie will 
tinues, the pressure also falls. Therefore, the boi nd will 
not cease, the water will continue cooling off a 

nally freeze 


t 
resul 
uch a boiling of cold water occurs not only as a rest 
of air bei 


= j.e. man 
Y, and so the water in this layer will boil, i-e. he- 
bubbles filled with steam. will epee ii its ThS t 
nomenon is called Cavitation (from the Latin cavus 


“4 oint. 
ito Pressure, we lower the boiling E this 
fon, E e A grak: ahalopons to cure sue? 
question. A pressu 1 


Teng 0. 
re of 15 atm can so delay boiling re 


Decreasing the 
nd raisin 


f 80 atm will l pegin only at 200 °C, While a pres 
o atm will make water boil only at 300 °C. a 
Thus, a definite 1 only defini 


boiling point corresponds toa ertio® 
external pressure. But we may also turn this ass 


s 
e rat 
“around” by saying that “a definite pressure correspo d 
to each boiling point of Water”. This pressure is C4 
the vapour pressure. 
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The curve depicting the dependence of the boiling 
point on the pressure is simultaneously the curve of the 
vapour pressure as a function of the temperature. 

The numbers plotted on the boiling point graph (or on 
the vapour pressure graph) show that the vapour pressure 
changes very sharply with a change in the temperature. 
At 0 °C (i.e. 273 K) the vapour pressure is equal to 4.6 mm 
Hg, at 100 °C (373 K) it equals 760 mm Hg, i.e. has in- 
creased by a factor of 165. With a doubling of the tem- 
perature from 0 °C (i.e. 273 K) to 273°C (i.e. 546 K), 
the vapour pressure grows from 4.6 mm Hg to almost 
80 atm, i.e. by a factor of about 10 000. 

Therefore, the boiling point, on the contrary, changes 
rather slowly with a change in the pressure. When the 
Pressure is doubled, from 0.5 to 1 atm, the boiling point 
grows from 82°C (i.e. 355 K) to 100°C (i.e. 373 K), 
and with a doubling from 1 to 2 atm, from 100 °C (i.e. 
373 K) to 120 °C (i.e. 393 K). 

he same curve that we are now considering also con- 
trols the condensation of steam into water. 
_ Steam can be transformed into water by either compress- 
Ing or cooling it. a 
uring the course of condensation, just as for boiling, 

e point will not move off the curve until the transfor- 
mation of steam into water or water into steam is com- 
Pletely finished. This can also be formulated as follows: 
the coexistence of the liquid and the vapour phase is ne 
Sible under the conditions of our curve and Gace ie 
these conditions. If, moreover, no heat is supp Ra 
removed, the amount of vapour and liquid h mee Se 
Vessel will remain constant. We say that suc iso 
a liquid are in equilibrium, ann a ‘vapour m ogm 
with its liquid is called saturated. 

The boiling and condensation curve has, as ba y 
another meaning—it is the curve of the equilibrium , 
liquid and vapour. The equilibrium curve divides the 
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d above 
plane of the diagram into two parts. To the E pres- 
the curve (towards higher temperatures an ht and below 
sures) is the stable-vapour region. To the rig 
the curve is the stable-liquid region. the curve of 

he vapour-liquid equilibrium curve, i.e. ressure, OF 
the dependence of the boiling point on the saree on the 
what is the same thing, of the vapour press 1) liquids: 
temperature, is approximately identical for sharers m 
In some cases, the change may be somewhat s re alway’ 
others somewhat slower, but the vapour pressu y 
rows rapidly with rise in temperature. » man 
s e Bi akendy used the words “gas” and TOP a, One 
times. These two words are more or less aa ae gas 
may say: water gas is the vapour of water, 0 a certain 
is the vapour of liquid oxygen. Nevertheless, these tW? 
habit has been formed regarding the usage 0 ther sma, 
words. Since we are accustomed to a definite, ra rd “gas 
range of temperatures, we usually apply the ee 
to those substances whose vapour pressure is hig 
atmospheric pressure at standard temiperaturens is 
We speak of a vapour when a substanc 


: ge 
stable in the form of a liquid at room temperatu 
atmospheric pressure, 


Evaporation 


T 
wate 
another phenomenon whereby p” 
me other liquid 


ey 
0 is transformed into a vapour erat 
oration. Evaporation takes place at any temp to 
and regardless of the 
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ty after several days; water will remain in a saucer for 
a longer time, but sooner or later it too will turn out to 
be dry. 

Air plays a big role in the process of evaporation. It 
does not, by itself, prevent water from evaporating. As 
soon as we uncover the surface of a liquid, water mole- 
cules will begin moving into the nearest layer of air. 
The density of the vapour in this layer will quickly in- 
crease; after a short time, the pressure of the vapour will 
become equal to the vapour pressure at the temperature 
of the surroundings. Moreover, the vapour pressure will 
be exactly the same as in the absence of air. 

The passage of vapour into the air does not, of course, 
mean an increase in pressure. The total pressure in the 
Space on top of the water surface does not increase; it is 
only the fraction of this pressure which is borne by the 
vapour that increases, and the fraction of the air corre- 
Spondingly decreases as it is displaced by the vapour. 

here is vapour mixed with air over the water; higher 
up are layers of air without vapour. They will inevitably 
mix. Water vapour will continually move into higher 
layers, and its place in the lower layer will be taken by 
air which does not contain any water molecules. There- 
fore, room will always be made for new water molecules 
in the layer closest to the water. Water will continually 
evaporate, maintaining the pressure of the water vapour 
at the surface equal to the vapour pressure, and the pro- 
cess will continue until the water has completely evapo- 
rated, 

We began with examples involving s 
water. It is well knon that they evaporate with differ- 
ent speeds. Ether flies away with exceptional rapidity, 
alcohol is rather quick and water is much slower. We 
shall immediately understand why this is so, if we find 
the values of the vapour pressure for these liquids in a 
handbook, say, at room temperature. Here are the figures: 


eau-de-cologne and 
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—17.5 mm 
ether—437 mm, alcohol—44.5 mm and water a 
. P our the 
“The greater the vapour pressure, the he Faster the 
will be in the adjacent layer of air an r pressure in- 
liquid will evaporate. We know that apon rate of eval” 
creases with temperature. It isclear why the d 
oration increases with heating. f evaporation 
It is also possible to influence the rate o eratio 
by other means. If we want to aid the sie ie rapidly: 
must take the vapour away from the liqui recisely WHY 
i.e. speed up the mixing with air. This is p on the lig 
evaporation is greatly speeded up by ovie odi pres 
uid. Water, although it has a relatively low vap? 


d 
s place 
Sure, will disappear rather quickly if the saucer i 
in the wind. 


out 
; ing come 
It is therefore clear why a swimmer, having 


f eeds up 
of the water, feels cold in the wind. The yine e 
the mixing of air with vapour and so increas ed to giv? 
of evaporation, but the swimmer’s body is forc 
up heat for the evaporation. 


ch water 
e way a person feels depends on how mu "i 
vapour there is in th 


À ir al 
e air. Both dry and moist g when 
unpleasant. The humidity is regarded as stan a water 
it is equal to 60%. This means that the density vap! 
vapour is 60% of the density of saturated water 
at the same`t 


emperature, out 
If moist air i 


perature. The morning dew moistening the meee 
leaves appears Precisely as g result of this P 
non. 

At 20 °C the density of sat 
0.000 02 g/cm. We shall fee 
vapour in the air is 60% of 


ut 
< abo 
urated water vapour 15 ® tef 


l fine if the amount 0! more 
this figure, only a bit 
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than one-hundred-thousandth of a gram per cubic centi- 
metre. 

Although this is a small number, it leads to an impres- 
sive amount of water in a room. It is not difficult to 
calculate that in an average sized room of 12-m* area 
and 3-m height, “there will be room” for about a kilogram 
of water in the form of saturated vapour. 

Consequently, if we place an open barrel of water in 
a room sealed up tight, then, regardless of the barrel’s 
volume, a litre of water will evaporate. 

It is interesting to compare this result for water with 
the corresponding figures for mercury. At the same tem- 
perature of 20 °C, the density of saturated mercury vapour 
is 10-8 g/cm3, There will be room for at least 1 g of mercury 
vapour in a room of the size we have just considered. 

Incidentally, mercury vapour is very poisonous, and 
one gram of it can seriously injure any person’s health. 
When working with mercury, it is necessary to see to it 


that not even the smallest drop is spilt. 


Critical Temperature 


How can we turn a gas into a liquid? The boiling point 
can be turned into a 


graph answers this question. A gas a a 
liquid by either lowering the temperature or raising e 


pressure. We 

In the 19th century, the problem of raising pressures 
seemed to be easier than that of lowering temperatures. 
At the beginning of that century, the great English phys- 


icist Michael Faraday (1791-1867) succeeded in compress- 
ing gases to the value of their vapour pressures and in 
this manner transforming many gases (chlorine, carbon 


dioxide, etc.) into liquids. R 
However, certain gases, such as hydrogen, nitrogen, 
: be liquefied. No matter how 


oxygen, simply could not I h 
much the pressure was increased, they did not turn into 
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Figure 4.3 


liquids. One might h 
gases cannot be li 
constant, gases. 


a 
: ‘ere Ca ised by 
But as a matter of fact, the failures were cal 


stante 
4 i i ircumstan 
lack of understanding of one important cir 


+ egui- 
. are in eqt 
Let us consider a liquid and a vapour which at 
librium, and th 


ith an in- 
ink of what happens to them witl 
Crease in the boili 


ave thought that mor ois 
quid. They were regarded a: 


& point graph is monita rises 
It is clear that as the tempera’ for th 
the liquid expands and its density falls. But oes 
in the boiling point is, of ee said, 
» but, as we have ares derabld 
the saturated vapour grows cons! sity ° 
faster than the boi ing point. Therefore, the der pal 
the vapour does not fall, but, on the contrary, 
rises with an increase in the boiling point. ity of @ 
Since the density of a liquid falls, and the densi! poi! 
vapour rises, moving “upwards” along the boiling which 
curve, we shall inevitably arrive at the point for equa 
the densities of the liquid and the vapour are 
(Figure 4.3). 
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LIQUID 


VAPOUR 


Figure 4.4 


see this remarkable point, called critical, the boiling 
poin curve breaks off. Since all distinctions between a 
gas and a liquid are related to a difference in density, 
the properties of the liquid and the gas become identical 
at the critical point. Each substance has its own critical 
temperature and critical pressure. Thus, the critical point 
for water corresponds to a temperature of 374°C and a 
pressure of 218.5 atm. 

If we compress a gas whose t 
cal, the process of its compression can be depicted by an 
arrow intersecting the boiling point curve (Figure 4.4). 
This implies that at the moment of attaining a pressure 
equal to the vapour pressure (the point of intersection of 
the arrow with the boiling point curve), the gas starts 
condensing into a liquid. If our vessel were transparent, 
then at this moment we would see a layer of liquid form- 
ing- at the bottom of the vessel. If the pressure does not 
change, the layer of liquid will grow until all of the gas 
has finally been transformed into the liquid. A further 
compression will now require an increase in pressure. 

The situation is entirely different for the compression 
of a gas whose temperature is above critical. The process 
of compression can again be still depicted in the form of 
an arrow going upwards. But now this arrow does not 


emperature is below criti- 
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Figure 4.4 


At this remarkable point, called critical, the boiling 
point curve breaks off. Since all distinctions between a 
gas and a liquid are related to a difference in density, 
the properties of the liquid and the gas become identical 
at the critical point. Each substance has its own critical 
temperature and critical pressure. Thus, the critical point 
for water corresponds to a temperature of 374 °C and a 
pressure of 218.5 atm. 

If we compress a gas whose tempe b 
cal, the process of its compression can be depicted by an 
arrow intersecting the boiling point curve (Figure 4.4). 
This implies that at the moment of attaining a pressure 
equal to the vapour pressure (the point of intersection of 
the arrow with the boiling point curve), the gas starts 
condensing into a liquid. If our vessel were transparent, 
then at this moment we would see a layer of liquid form- 
ing- at the bottom of the vessel. If the pressure does not 
Change, the layer of liquid will grow until all of the gas 
has finally been transformed into the liquid. A further 
compression will now require an increase in pressure. | 

The situation is entirely different for the compression 
of a gas whose temperature is above critical. The process 
of compression can again be still depicted in the form of 
an arrow going upwards. But now this arrow does not 


rature is below criti- 
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ing the com- 
intersect the boiling point curve. a east con: 
pression the vapour will not condense, oll 
A ly become denser. ; is impossible 
"The Ae of a gas-liquid interface ols to arbi 
a temperature above critical. When eom found un f 
trary densities, a uniform substance wi B call 
the piston, and it is hard to say when A 
a gas and when a liquid. , hows that there E 
he presence of the critical point s 10 J and gason 
no difference in principle between the ee iano eat 
States. At first sight, it might seem that e dealing Wi 
difference in principle only in case we nt is no 
temperatures above critical. This, however, 


si- 
a5; LOWS the pos 
The existence of the critical point cg d, whig 
bility of transforming a liquid, a genuine 

can be poured in 


te avo? 
to a glass, into the gaseous sta aA 
ing the boiling process, 6 


in Figure 
The path of such a transformation is shown ae 
e liquid is marked by a downw 
Somewhat (arrow pointing 
it will boil; it wil i 


he (Ja 
Let us compress t int re 
pressure exceeds critical. The poe h 
senting the st 


ote 

quid—this process will be pe ves i 
a horizontal line. Now, after we have found 5 lower a 
the right of the critical temperature, let us 
pressure to its initia] value. 
perature, we can obtain a 
could have be 


en obtained fro 
and shorter path. 


re 
eratt 
erefore, by changing the pressure and ters possible 
so that the critical point is avoided, it is ae Jnsitiog 
to obtain a vapour by means of a continuous ; 


tem 
OV 
If we now decrease th which 


Y 
most genuine vapour splet 
m this liquid along a 
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from a liquid and vice versa. Such a continuous transition 
does not require boiling or condensation. 

Early attempts to liquefy such gases as oxygen, nitro- 
gen and hydrogen were unsuccessful because the existence 
of the critical temperature was unknown. These gases 
have very low critical temperatures: —119 °C for oxygen, 
—147 °C for nitrogen and —240 °C or 33 K for hydrogen. 
The record holder is helium, whose critical temperature 
is equal to 4.3 K. It is possible to transform these gases 
to the liquid phase in only one way: we must lower their 
temperatures below the indicated values. 


Obtaining Low Temperatures 


A significant decrease in temperature can be attained 
by various means. But the idea involved in all these meth- 
ods is one and the same: we must force the body we want 
to cool to expend its internal energy. 

But how can this be done? One of the ways is to make the 
liquid boil, not bringing in any heat from without. 
For this, as we know, it is necessary to decrease the pres- 
sure—to reduce it to the value of the vapour pressure. 
The heat expended on the boiling will be taken from the 
liquid, and hence the temperature of the liquid and va- 
pour will fall; therefore, so will the vapour pressure. 
Consequently, in order that the boiling not cease but 
proceed more rapidly, it is necessary to continually pump 
air out of the vessel with the liquid. f 

However, a limit is reached to the fall in temperature 
during this process: the vapour pressure will eventually 
become completely negligible, and so even the most pow- 
erful pumps will be unable to create the required pres- 
sure. 

In order to continue the lowering of temperature, we 
can, by cooling a gas with the aid of the liquid already 
obtained, convert it into a liquid with a lower boiling 
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ss 
j : - repeat the pumping proce 
point. It is now possible to repeat to obtain 10v 4 
with the second substance and in this way seade metho 
temperatures. In case of necessity, such et. it 
of obtaining low temperatures can be ex roblem dea 
Precisely in such a manner was this f uefaction ° 
with at the end of the past century, the “a ayga r 
gases was carried out in stages: a e points ° 
trogen and hydrogen, substances with boi 2 ively con 
—103, —183, —196 and —253 °C, were suces available 
verted into liquids. Having liquid hydrogen, —heliv® 
one can also obtain the lowest ag apo obtal 
(—269 °C). The neighbour “to the left” h A 
the neighbour “to the right”. hundred yon 
The cascade method of cooling is about a rot in 87 
old. Liquid air was obtained by this er Finally: 
Liquid hydrogen was first obtained in 1884- onty year 
the last stronghold was taken after another tw temper” 
helium, the substance with the. lowest eg re Kamer 
ture, was converted into a liquid in 1908 by a e 107 
lingh Onnes (1853-1926) in Leiden, Holland. ment Wa 
anniversary of this important scientific achieve 
widely celebrated. the 
or many years, the Leiden laboratory was „igt te 
“low-temperature” 


cal purposes. 


is 
tures 

method of obtaining low temperati ping 

now rarely applied 


; owe! 
- In technical installations for inti r 
temperatures, a diff 


work at the expense of its ii q 
energy. 1 at 
If, for example, air js compressed up to severa for 
spheres and let into an expander, then when it eee a 
the work involved in displacing a piston or rota 
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turbine, it will cool off so abruptly that it liquefies. 
If carbon dioxide is let out of a cylinder with great speed, 
it will cool off so abruptly that it is converted into “ice” 
in the air. 

Liquid gases have found wide application in technology. 
Liquid oxygen is used for explosives and as a component 
of the fuel mixture in jet engines. 

The liquefaction of air is used in technology for sepa- 
rating the gases constituting air. 

The temperature of liquid air is widely used in various 
branches of technology. But this temperature isn’t low 
enough for many physical investigations. In fact, if we 
convert the relevant temperatures expressed on the cen- 
tigrade scale to their values on the Kelvin scale, we shall 
see that the temperature of liquid air is approximately 
one-third of room temperature. Much more interesting 
for physics are “hydrogen” temperatures, i.e. tempera- 
tures of the order of 14-20 K, and especially “helium” tem- 
peratures. The lowest temperature obtained by pumping 
out liquid helium is 0.7 K. 

Physicists have succeeded in coming much closer to 
absolute zero. At the present time, temperatures have 
been obtained which are only several thousandths of a 
degree above absolute zero. However, these Lig eens 
low temperatures are obtained by methods which do no 
resemble those described above. . 

In recent years, cryogenics, the physics of ya ed 
peratures, has created the need leading to the oui ar 
of a new branch of industry. This branch is one line 
the manufacture of equipment and apparatus ena ing 
large volumes and long conductors to be held at tempera 
tures close to absolute zero. 
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Supercooled Vapours and 
Superheated Liquids 


. ought 

In passing through the boiling points, a However i 
to condense, be transformed into a liquid. ne com 
turns out that if a vapour is very pure and does it in the 
in contact with a liquid, we are able to obtain 5 vapour! 
form of a supercooled or supersaturated Oe test time 
which should have already become a liquid a J 
ago. time 

A supersaturated vapour is very unstable. ee 
it is sufficient to shake the vessel containing i ed con- 
or throw a couple of grains into it for the delay 
densation to immediately begin. am mole 

Experience shows that the condensation of e alie? 
cules is greatly eased by the introduction of ao not 
particles. The supersaturation of water wapo, conden” 
Coeur in dusty air. It is possible to bring abou of tiny 
Sation with puffs of smoke, since smoke consists stead 
Solid particles. When the particles enter the pecome 
they gather molecules around themselves and 
centres of condensation. the 


Thus, even though unstable, a vapour can paer 
region of temperatures fit for liquid “life”. r undef 
But can a liquid “live” in the region of a vapou iple t0 
onditions? In other words, is it poss 
superheat a liquid? k 
It turns o 


3 ary 
ut to be possible. For this it is ne awa 
Prevent the molecules o 


«nid 12. 
it moula ulace, i.e. placing the liquid id 
vessel where it would be compressed on all sides oS jp 
e been successfully super et spac? 
eral degrees, i.e. one is able to its 
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Superheating is the displacement of a liquid into the 
region of a vapour; therefore, the superheating of a liquid 
can be achieved by lowering the pressure, as well as by 
supplying heat. 

The former method can be used to obtain a surprising 
result. Water or some other liquid thoroughly freed of 
dissolved gases, which.is not easy to do, is placed in a 
vessel with a piston reaching the surface of the liquid. 
The vessel and the piston should be wet by the liquid. 
If we now draw the piston towards ourselves, the water 
cohering to the bottom of the piston will move along with 
it. But the layer of water cohering to the piston will pull 
the next layer of water after it, this layer will pull the 
one lying below it. As a result, the liquid will stretch. 

The column of water will finally break (it is precisely 
the column that will break, but the water will not break 
away from the piston), but this will occur when the force 
on a unit of area attains tens of kilograms. In other words, 
a negative pressure of tens of atmospheres is created in 
the liquid. 

The vapour phase of a substance is stable even for 
small positive pressures. And a liquid can be made to 
have a negative pressure. You couldn’t think of a more 
Striking example of “superheating”. 


Melting 


There is no solid body which would withstand a con- 
tinual rise in temperature. Sooner or later a solid piece 
is transformed into a liquid; true, 1n certain cases we 
will not succeed in meg se te melting point—a chem- 
ical d ition may take place. 

Nolecules aon mies intensively as the temperature 
increases. Finally, the moment arrives when the pres- 
ervation of order among the wildly “swinging” mole- 
cules becomes impossible. The solid body melts. Tungsten 


8-1179 


Molecules a 


= 


Figure 4.5 


has the highest melting point: 3380 °C. Iron melts 0 
ean, © gold at 1063 °C. Incidentally, there are 
roti melted metals. Mercury, as is well known rees 
do tot ke at a temperature of —39 °C. Organic subs 
oe got have high melting points. Naphthalene 
80°C, toluene at — 945 °C oint 
of a mae at all difficult to measure the melting a f 
temperatur especially if it melts within the intery the! 
meee a which can be measured by an ordinary | e's 
255 a es ‘S completely unnecessary to keeP < iho 
mercury sil melting body. It is sufficient to look a’ gre 
of the body j= Of the thermometer. The temper’, 5): 
y increases until the melting begins (Figuro ture 
ceases, and th melting begins, the rise in temper the 
re temperature remains constant unti 


hea a 
for this is called the latent me jo? 


> sio 
les possessing a large heat of E tor 
j quires, for example, more thar ja 
nergy as the melting of the same 
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of lead. Of course, we are talking about the melting prop- 
er; here we are not dealing with the fact that before 
lead begins to melt, it must be heated up to +327 °C. 
The thawing of snow is delayed as a result of the large 
heat of fusion of ice. Imagine that its heat of fusion were 
ten times smaller. Then the spring thaws would lead each 
year to inconceivable disasters. 

Thus, the heat of fusion of ice is great, but it is also 
small if we compare it with the heat of vaporization— 
540 kcal/kg (about seven times as small). This difference, 
by the way, is completely natural. Converting a liquid 
into a vapour, we must tear its molecules away from each 
other, but in melting a solid, we only have to destroy 
the order in the distribution of the molecules, leaving 
them almost at the same distances from each other. 
It is clear that less work is required in the latter case. 

The possession of a definite melting point is an important 
feature of crystalline substances. It is on the basis of 
precisely this property that they are easily distinguished 
from other solids, called amorphous bodies or glasses. 
Glasses are found among organic substances as well as 
among inorganic ones. Window glass is usually made out 
of silicates of sodium and calcium; an organic glass (it 
is also called Plexiglas) is often placed on a desk. 

In contrast to crystals, amorphous substances do not 
have a definite melting point. Glass does not melt, but 
softens. When heated, a piece of hard glass becomes 
soft, so that it can be easily bent or stretched; it begins 
to change its form at a higher temperature under the 
influence of its own weight. As it is further heated, the 
thick viscous mass of glass assumes the form of the vessel 
in which it is lying. This mass is at first as thick as honey, 
then as sour cream and, finally, becomes almost like a 
liquid with a small viscosity, such as water. With the 
best will in the world, here we are unable to single out 
a definite temperature at which the solid entered the 
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liquid phase. The reasons for this lie Se a of crystal- 
eie, pe aioe the structure of glass a aes ia ani 
line bodies. As has been said aboye, t i The struct 
phous bodies are distributed ison o molecules y 
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a rise in the temperature of glass pn EA gradua a 
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giving them more and more Sg oma a ane display ar- 
fore, glass softens gradually and í aaah which is ite, 
Sharp transition from “solid” to SE Anion of eri 
acteristic of a transition from the Le ëa distributi f 
cules in a strict order to their disor PR we said bant 
hen discussing a boiling point ey gi unst ei 
liquid and a vapour can exist, althong supercoole ra 
state, in alien regions—a vapour can rve, while , the 
moved to the left of the boiling point cu 


right 0 
can be superheated and drawn off to the 
oiling point curve, 


stal 
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e the analogous phenomena with respect he 
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ossible? It turns out that the an 
is incomplete 
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melt- 
a cry: 
ing point. We shall n 


x its j 
d, it will begin melting rk orysttl 
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Finally, in many cases a delayed crystallization can 
begin as a result of shaking or other random events. It is 
known, for example, that crystalline glycerine was first 
obtained while being transported by train. After lying 
around for a long time, glass can begin to crystallize 
(devitrify). 


How to Grow a Crystal 


Under definite known conditions, crystals can be grown 
from almost any substance. Crystals can be obtained from 
asolution or from a melt of the given substance, as well 
as from its vapour (black rhombic crystals of iodine, 
for instance, are readily deposited from iodine vapour 
at standard pressure without an intermediate conversion 
into the liquid state). 

Start by dissolving common salt or sugar in water. 
At room temperature (20 °C), you can dissolve up to 70 g 
of salt in a thick glass (holding about 200 g of water). 
If you keep adding salt, it will not dissolve, but will 
Settle to the bottom in the form of a residue. A solution 
that can dissolve no more solute (as it is called) is said 
to be saturated with the given substance. If we change 
the temperature, the solubility of the solute in the solvent 
is changed as well. Everyone knows that hot water dis- 
solves most substances more readily than cold water. 

Imagine now that you have prepared a saturated solu- 
tion, say, of sugar, at a temperature of 30 °C and cool 
it to 20°C. At 30 °C, you can dissolve 223 g of sugar in 
100 g of water, and at 20 °C, only 205 g. Then, in cooling 
from 30 to 20 °C, 18 g of sugar turn out to be “redundant 
and, as they say, are precipitated from the solution. 

ence, one of the possible ways to obtain crystals is to 
Cool a saturated solution. p , 

We can accomplish the same in a different way. Pre- 
pare a saturated solution of salt and let it stand in an 
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ill find crys- 
. After some time has passed you wi Look at 
tle E me at the bottom. Why did they ToD see that 
the glass again, more carefully, and ae s appearance 
another change occurred together wit vaoated and 
of crystals: there is less water. The water a still an- 
left “redundant” matter in the solution. he lution. 
other way to form crystals is to evaporate t z 

How are crystals formed from a solutio a from the 

We mentioned that the crystals precipita 


rved for 
solution. Does this mean that no crystal was obse 
a whole week and then 


if by 
» in a flash, it appears peed 
magic? No, this is not so; crystals grow. Lissa! a 
of course, observe the initial instant of cab sel 
the naked eye, First, a few of the randomly mo iy beeen 
cules or atoms of the solute assemble by Sea i Pata 
imately the same order required to form ne aed a 
lattice. Such a group of atoms or molecules i 
nucleus. aati 
Experiments show that nuclei are more freq 
formed when th 


e par- 
e solution contains extremely fine P 
ticles, dust specks, of 


it “draws” to itself the this 

stance Separating out of the solution, hindering, in reat 

umber of nuclei. If a Biher 

ce, they impede each 

btain large crystals. ating 

oms or molecules, separ faces 
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It has been found that the growth of a nucleus or seed 
crystal consists in the seemingly outward motion of its 
faces in a direction perpendicular to each face so that 
they remain parallel to their initial positions (the crys- 
tal seems to expand). Naturally, the angles between the 
faces remain constant (we already know that the con- 
stancy of these angles is one of the vital features of crys- 
tals and is due to their lattice structure). ; 

he successive outlines during the growth of three differ- 
ent crystals of the same substance are shown in Figure 4.6. 
imilar pictures can be observed in a microscope. For 
the crystal shown at the left the number of faces remains 
Constant during the growth. The middle crystal is an 
example of how a new face appears during the growth 
(at the upper right) and subsequently disappears. 

It is important to note that the rate of growth of the 
faces, i.e. the velocity at which the faces seem to move 
while remaining parallel to their initial positions, is 
Not the same for various faces. We also find that the faces 
that disappear are those that grow fastest, for instance, 
the lower left face in the middle crystal. The slowest- 
growing faces, on the contrary, become the videst or, 
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Figure 4.8 


The substance is thus 
the sphere to other parts. 
ear on the surface of the 


sphere. These circles gradually increase in size and, con- 


préférence to certain locations. 
transferred from certain parts of 
First small circular faces app! 


tacting one another, merge along straight edges. The 
sphere is converted into a polyhedron. Then certain faces 
overtake others in their growth, a part of the faces become 
smaller and smaller and disappear- Finally, the crystal 
reaches its characteristic shape, Or habit (Figure 4,7). 
In observing the growth of a crystal, one of its features 
may astound us—the seemingly parallel motion of its 
faces. This implies that the substance separating out of 
the solution is deposited on the faces in layers, and that 
a succeeding layer is not started until the preceding one 
is completed. i F 
Illustrated in Figure 4.8 is an “incompleted ; packing 
arrangement of atoms. In which of the positions indicated 
by letters is a new atom, attaching itself to the crystal, 
most likely to remain secured? Without doubt, in posi- 
tion K because here it is subject to attraction by its neigh- 
bours from three sides. In position L the new atom is 
attracted from two sides, and in position M from only 
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whole 
one. This is why a row is first completed, then a 


i d. 
layer and finally a new layer is starte ites 
fs Many Cases, crystals are formed from a molten 
or melt. This tak 


i ure; 
es place on an immense scale Io ae 
basalts, granites and other kinds of igneous ro 
formed of fiery magma. 

et us heat some kind of 


r 
crystalline substance, fo 
example, rock salt. U 


o; he 
P to a temperature of 804 a d 
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a Continuous increase in temperature during he ena: 
At 804 °C WO new interrelated phenom ases 
the substance hem melt and the temperature ce 
to increase any further. Unt; 


O| 
c po melts at 0°C, iron at 1527 °C 
and mercury at 39 °C below zero, etc. or 
S we already know, in each small crystal the atoms e- 
fthe Substance form an ordered packing gent 
ibrations about their mean p 


ated, the Velocity of the vibrating 


s 
particles increasas together with the amplitude. Thi 
increase in the veloci 


2 the ity of motion of particles as the pe 
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concerns matter in any State—solid, liquid or ae 
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je melnttsles ÎS no longer Possible; the crystal ane 
t. iad, i 5 
<2 ‘velocity fs the heat Supplied no longer increa 


to 
Otion of the ticles, it is em loyed 
reak up the crystal late; par icles, it is P 
remains consta 


e 
‘ ' “Ais is why the ae ee 
nt until al of the Substance melts. Su 


4. States of Matter 123 


Por heating increases the velocity of the particles of 
iquid. 
A In our case of crystallization from a melt, called freez- 
ing, all the phenomena described above occur in the 
reverse order: as the liquid is cooled, the chaotic motion 
of its particles slows down. When a definite, sufficiently 
low temperature has been reached, the velocity of the 
particles is so low that some of them begin to align them- 
selves with others, forming a crystal nucleus. Until the 
whole substance has frozen, or solidified, the temperature 
remains constant. As a rule, this temperature is the same 
as the melting point. 
Unless special measures are taken, freezing begins in 
the melt simultaneously at many places. The small 
crystals begin to grow as regular polyhedrons character- 
istic of the given substance in exactly the same way as 
we described above. Such free growth soon ends, however, 
because the growing small crystals run into one another, 
with further growth ceasing at the points of contact. 
This imparts a granular structure to the solidified body. 
Each grain is a small crystal that was unable to assume 


its regular shape. 
Depending on many factors, 0 
ing rate, a solid can consist of coarser or finer grains. 
The lower the cooling rate, the coarser the grains. The 
grain size of crystalline bodies ranges from a millionth 
of a centimetre to several millimetres. In the ete 
of cases, the granular crystalline structure can he g - 
served under a microscope. Most solids have such a fine- 


crystalline structure. : . 
The freezing of metals is a process of vital pero 
engineering. Physicists have investigated in exceptiona y 
great detail the phenomena occurring when molten meta 
is poured into a mould in a foundry and solidifies. 
Mostly small tree-like crystals, called dendrites, grow 
in a molten metal when it is cooled. Sometimes the den- 
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Here, for example, is what one does in growing crystals 
of fusible metals. The metal is melted in a glass test tube 
with a drawn-out bottom. The test tube, suspended on a 
thread inside a vertical cylindrical oven, is slowly low- 
ered. The drawn-out bottom gradually leaves the oven 
and cools off. Crystallization begins. At first, several 
tiny crystals are formed, but those which grow sideways 
come up against the test tube wall and their growth is 
slowed down. Only the crystal which grows along the 
axis of the test tube, i.e. into the heart of the melt, proves 
to be in favourable conditions. As the test tube is lowered, 
new portions of the melt coming into a low-temperature 
region will “feed” this unique crystal. Therefore, of all 
the tiny crystals, it alone will survive; as the test tube 
is lowered, it continues to grow along its axis. At last, 
all of the melted metal hardens in the form of a single 
crystal. 

The same idea underlies t 
tals of ruby. Fine ruby pow 
through a flame. As a result, the p 
tiny droplets fall on a refractory support of very small 
area forming a mass of crystals. During the further fall 
of droplets on the support, all the tiny crystals will grow, 
but once again only the one which is in the most advanta- 
geous position for “receiving” the falling drops will de- 
velop. 

But what are large crystals needed for? n 

Industry and science are often in need of large single 
crystals. Of great significance for technology are crystals 
of Seignette salt and quartz possessing the remarkable 
Property of transforming mechanical action (for example, 
pressure) into voltage. 

The optical industry need 
rock salt, fluorite, etc. 

Crystals of ruby, sapphire 
stones are needed for the wa 


he growing of refractory crys- 
der is poured in a stream 
articles of powder melt; 


s large crystals of calcite, 


and certain other precious 
tchmaking. The reason for 
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this is that individual movable parts of ihn ape 
perform up to 20 000 oscillations per ee the tips of 
unusually heavy demands on the cer ; laast ‘when 
the axes and the bearings. The wear wi ts tip of an 
ruby or sapphire serves as the bearing for 1 crystals of 
axis of 0.07-0.15 mm in diameter. Artificia sh very 
these substances are very durable and are conte prove 
little by steel. It is remarkable that artificial sto Toni 
to be better for this purpose than the same natura is the 

Of greatest Significance in industry, tn The 
growing of semiconductor (silicon) monocrystals. 


ivable 
x M f : * ceivab. 
communications-electronics of today is incon 
without these crystals. 


Influence of Pressure on Melting Point 


If the pressure i 
change. We came actoss such a regularity when dealing 
with boiling, The ting: 
boiling point. As a rule, this is also true for me hic 
However, there are a small number of substances W 
behave anomalously 


tter is th le 
asad 3 ru 
liquids. The exceptions to this T 
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l » whereas previously it east 
1S temperature, i.e, the melting aiid 
ase in pressure. In an anomalous 
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the liquid is denser than the solid, and so the pressure 
helps to form the liquid, i.e. lowers the melting point. 

The influence of the pressure on the melting point is 
much less than the analogous effect for boiling. An in- 
crease in pressure of more than 100 kgf/cm? lowers the 
melting point of ice by 1 °C. 

Why is it that skates glide on ice but do not slide on a 
highly polished parquet floor that is just as smooth as ice? 
The only feasible explanation, evidently, is the formation 
of water which lubricates the runners of the skates. But the 
pressure exerted by the runner does not in any case exceed 
100 kgf/cm?, and this would not seem to lower the melt- 
ing point of the ice sufficiently so that it melts under the 
runners. All I can say to eliminate this contradiction is 
the following: skates with blunt runners slide very poorly 
on ice. The runners must be ground so that they cut the 
ice. Then only the sharp edges of the runners contact the 
Ice, exerting a pressure of tens of thousands of atmospheres 


and the ice does melt. 


Evaporation of Solids 


When we say that a substance is evaporating, it is 
usually implied that a liquid is evaporating. But solids 
can also evaporate. The evaporation of solids is sometimes 
called sublimation. f ' 

Naphthalene, for example, is an evaporating solid. 
Naphthalene melts at 80 °C, but evaporates at room tem- 
Perature. It is precisely this property of naphthalene 
Which enables it to be used for the extermination of 
moths. A fur coat powdered with naphthalene will become 
Saturated with naphthalene vapours, creating an atmo- 
Sphere which moths cannot bear. Every solid with an 
odour sublimes to a significant degree. In fact, the odour 
is created by the molecules which have broken away from 
the substance and reached our nose. However, the cases 
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Triple Point 


Thus, there are conditions under which a vapour, a 
liquid and a crystal can exist pairwise in equilibrium. 

Can all three states be in equilibrium? Such a point 
exists on the pressure-temperature diagram, it is called 
the triple point. Where is it located? 

Tf ice floating on water is placed in a closed vessel at 
a temperature of zero degrees, water (and “ice”) vapour 
will start entering the free space. At a pressure of 4.6 mm 
Ig, evaporation will cease and saturation will set in. 
Now the three phases, ice, water and vapour, will be 
ìn a state of equilibrium. This is precisely the triple point. 
_ The relationships between the various states are graph- 
ically and clearly shown by the diagram for water depict- 
ed in Figure 4:11. Such a diagram can be constructed 
for any substance. i 

We are acquainted with the curvesin the diagram — they 
are the equilibrium curves for ice and water vapour, ice 
and water, and water and water vapour. As is customary, 
the pressure is plotted along the vertical axis, and the 
temperature along the horizontal. i _ 

‘he three curves intersect in the triple point and divide 
the diagram into three regions—the living spaces for ice, 
Water and water vapour. 

A phase diagram is a concise handbook. Its aim ots 
pile questions as to what state of a aril is stable 
at a given pressure and a given temperature. E 

f water a melon wages k placed under the conditions 
of the “left-hand region”, it will turn into ice. If water 
or ice is introduced into the “lower region”, water vapour 
will be obtained. In the “right-hand region”, water va- 
Pour will condense and ice will melt. — ; 

he phase diagram permits one to immediately say 
what will happen to a substance when it is heated or com- 
Pressed. Heating at a constant pressure will be depicted 
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Figure 4.44 
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the phase of the substance will move from le S 
along this line. of which 
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eating under Standard pressure. This line ‘the melt- 
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x vi 


Figure 4.42 


the state marked on the figure by a cross is compen 
he vapour will first be converted into ice, w ys = l 

then melt. The diagram enables us to say at aee aE ahat 

Pressure the growth of crystals will begin and w. 


melting takes place. 
The phase dagang for all substances resemble each 


other. Signi he everyday point of view, differ- 
ences ale Toe ae location of the triple point on 
the diagram can be most diverse for various ee 
After all, we exist under conditions which are c an 7 
“standard”, i.e. in the first place, under a poeson A ohora 
to one atmosphere. The way in which the trip ep ma 
Substance is located with respect to the standard p 
ine is very important for us. ; 
If the ele a the triple point is less Se i 
ic, then for us, living under “standard cg ERE 
Substance will be one of those that malt, ai ie 
se rises, it will first be transformed in 
Which will then boil. : 
fi pga, when tho pressure dithe triplo 
Point is higher than atmospheric, we wi the oa will 
iquid when the substance is heated, ond how “dry ice” 
e converted directly into a vapour. This i eie 
ehaves, which is very convenient for ice cr 


9s 
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sa ortions 
They can distribute pieces of “dry ice aroe Wega wi 
of ice cream without worrying „that the i son dioxido 
become wet as a result. “Dry ice” is solid = aa ee 
CO,. Its triple point lies at 73 atm. There a Rech oP: 
CO, is heated, the point depicting its state wi satan quik 
a horizontal line intersecting only the evapo gee abot 
of the solid (just as for ordinary ice at a press 
5 mm Hg). 


mper- 
We have already explained how one degree hom 
ature on the Kelvin scale, or kelvin (as we eat ae point 
to call it by the SI system), is determine ' od in deter- 
of the discussion there was the principle iava institutes 
mining temperatures. But not all metrologica Therefore; 
have ideal gas thermometers at their disposal. mene wl 
a temperature scale is usually established wit 


n var- 
of points of equilibrium, fixed by nature, betwee 
ious states of substances. 


A triple 
Of especial significance in this matter is the trip 
Point of water. A kel 


16 
vin is determined today as ire o 
of the thermodynamic temperature of the triple p 361K. 
water. The triple point of oxygen is taken equal to 54. Using 
The freezing point of gold is equal to 1337.58 K. ther- 
these datum points we can readily graduate any 
mometer, 


The Same Atoms but Different Crystals 
The dul 
bright, transparent, hard 


iamo’ 

neighbours, and the lattice ot a 

whose atoms have four nearest neighbours. It is € stals 
evident from this example how the properties of cry 
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are determined by the mutual distribution of their atoms. 
Fireproof crucibles, withstanding temperatures up to 
two or three thousand degrees, are made of graphite, but 
diamond burns at temperatures above 700 °C; the spe- 
cific gravity of diamond is 3.5, of graphite 2.3; graphite 
conducts electricity, but diamond does not, etc. 

This property of forming various crystals is possessed 
not only by carbon. Almost every chemical element, 
and not only element but also any chemical substance, 
can exist in several varieties. Six varieties of ice, nine 
varieties of sulphur and four varieties of iron are known. 

In discussing a phase diagram, we did not speak of the 
various types of crystals, but drew a single region for the 
solid. But for a great many substances, this region is 
divided up into sections each of which corresponds to a 
definite “sort” of solid body or, aS one says, a definite 
Solid phase (a definite crystal modification). 

Each crystal phase has its own region of stable state 
bounded by definite intervals of pressure and temperature. 
The laws of transformation of one crystal variety into 
another are the same as the laws of melting and evapora- 
tion. N 

Given any pressure, one can find a temperature at which 
both types Oe eryatals will peacefully coexist. If we raise 
the temperature, a crystal of one form will be converte 
into a crystal of the second. If we lower the temperature, 
the reverse transformation will take place. 

In order to convert red sulphur into yellow under a 

ard pressure, a temperature below 110 C is nee led, 
Above this temperature, right up to the melting, ge 
the order of the distribution of atoms characteristic n 
red sulphur is stable. When the temperature falls, ma 
oscillations of the atoms decrease, and, beginning W1 


110 °C, nature finds a more convenient order for the dis- 


tribution of the atoms. A transformation of one crystal 


Ito another occurs, 
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s as t ices. 

Nobody has thought of names for the six eee 

This is what one says: ice one, ice two, .. ., gages 
How come seven if there are only six varieties? 


; etect 
son is that repeated experiments have failed to d 
ice four. 


zero 
If water is compressed at a temperature of about t 


ice five will be formed at a pressure of about 2000 atm, 

and ice six at a pressure of about 6000 atm. below 
Ive two and ice three are stable at temperatures 

zero degrees centigrade. 


P b- 
Ice seven is a hot ice; it appears when hot water is su 
jected to a pressure of about 20 000 atm. j water. 
All ices, except the ordinary one, are heavier than noma- 
Ice obtained under standard conditions behaves ditions 
lously; on the Contrary, ice obtained under con 
iffering from the norm behaves normally. terized 
e say that each crystal modification is charac raph- 
by a definite region of existence. But if so, how can £ ndi- 
ite and diamond possibly exist under identical © 
tions? 1d of 
is found very often in the aa is 
crystals. The abili to live under “alien” condition s 
als. While one must turn to vien 
nsfer a vapour or a liquid to l]most 
» 4 crystal, on the contrary, can a ff for 
never be forced to Stay within the frontiers marked 0 


difficulty 
another under con 


low sulphur should e transformed into red at #5, this 
During a more or less rapid heating, we “slip past 
transformation poi ive i 
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96 °C, the yellow sulphur will be eaten up by the red, 
but the yellow will swallow the red at 95 °C. Unlike a 
“crystal-liquid” transition, a “crystal-crystal” transfor- 
mation is ordinarily delayed during superheating, just 
as during supercooling. 

In certain cases, we come across states of a substance 
which are supposed to exist at entirely different temper- 
atures, 

White tin must turn into grey when the temperature 
falls to +13 °C. We ordinarily use things made of white 
tin and know that nothing will happen to them in winter. 
White tin withstands supercooling of 20-30 degrees per- 
fectly well. However, under conditions of a severe winter, 
white tin is transformed into grey. The lack of knowledge 
of this fact was one of the circumstances destroying Scott’s 
expedition to the South Pole (1912). The liquid fuel taken 
along by the expedition was kept in vessels soldered 
with tin. During severe frosts, the white tin was trans- 
formed into a grey powder, the vessels came unsoldered 
and the fuel was spilt. Not without reason 1s the appear- 
ance of grey spots on white tin called tin plague. 

Just as in the case of sulphur, white tin can be mee 
ed into grey at a temperature a pit lower than i “4 
if a tiny grain of ihe grey variety falls on a tin object. 

The existence of several varieties of one and the same 
substance and the delays in their — transformations 

ave great significance. for technology. 

At Som temperátürė; iron atoms form a hody-centred 
cubic lattice, occupying the vertices and centre of eac 
cube. Every atom has 8 neighbours. At a high tempera- 
ture, iron atoms form a denser “packing —each atom 
has 12 neighbours. Iron with 8 neighbours per atom is soft; 
iron with 12 neighbours per atom is hard. It turns out 
that it is possible to obtain iron of the latter type at room 
temperature. The method whereby this is done, hardening, 
1s widely applied in metallurgy. 
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3 i i —the metal! 

rdening is accomplished quite simply t ar bil: 

‘igen is mads red-hot and then thrown into PES é 

ooling occurs so rapidly that there is no high temper- 

transformation of the structure stable at a temperature 

ature to take place. Consequently, the mienen Sanai 
structure will exist indefinitely under condi 


e e occurs 
ural to it; recrystallization into a stable structuri 
so slowly that it is 


uite 
In speaking of the hardening of iron, we were not q 
exact. Steel, i 


y cent 
containing a fraction of e 
of carbon, is hardened. The presence of very ne jron into 
tures of carbon delays the transformation of har ig ae 
ardening to be carried ou ery a 
ne cannot succeed in handing take 
Conyersion of its structure 
place even during the most rapid cooling. one oF 
Depending on the form of the phase Eee © pres- 
n is achieved by changing t 
sure or the temperature, 


are 
ons of a crystal into a orystal e 
observed during a change of only the pressure. 
phosphorus was obtained in this way. nly by 
to be converted into diamond ressure. 
8 both high temperature and pr 
e phase diagram i 


pressure, A ph 
ently goes to 
Suggests the ¢ 
heat the grap 


ase transform 


oram 
o slowly. The form of the phase diosg 
orrect sol increase the i aa per 
hite simultaneously, We then obtain (up 
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LIQUID 


GRAPHITE 


VAPOUR 


Figure 4.43 0 1000 3000 sooo T, K 


right-hand corner of the diagram) melted carbon. Cooling 
it at a high pressure, we should enter the region of dia- 
mond. 

The practical possibility of such a process was proved in 
1955, and at the present time the problem is considered 
to be solved from technological poitit of view. 


An Amazing Liquid 


., If we lower the temperature of a body, sooner or later 
it will solidify and acquire a crystal structure. Moreover, 
it makes no difference at what pressure the cooling takes 
Place. This circumstance seems perfectly natural and 
Understandable from the point of view of the physical 
aws with which we have already become acquainted. 
In fact, by lowering the temperature, we decrease the 
intensity of the thermal motion. When the motion of 
Molecules becomes so weak that it has already ceased to 
Interfere with the forces of interaction between them, the 
Molecules will line up in an accurate order—will form 
crystals. A further cooling will take away from the mole- 
Cules all the energy of their motion, and at absolute zero, 
a substance should exist in the form of molecules at rest 


distributed in a regular lattice. 
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in this 

Experiments show that all substances — a is 

manner. All but one unique substance: this F cortalll 
helium. We have already informed the reader o 


ue o 
facts Concerning helium. It holds the record for the val 
its critical te 


ical tempera 
by itself does not im 
else is Startling: cooli 


wn to absolute zero, we have eer: 
rom it. We have to oe tea 
8y of motion which cannot be chan- 
usion is incompatible with the “ee the 
ve been studying so far. According lways 
arned, the motion of a body can a WA] 
n to a complete halt by taking away be 
pec bog Motion of molecules seeker 
y the same wa aking ener: l 
from them during collisions with E of the vesse 
being Cooled. Such a mechanics will obviously not 
for helium. bani OU 
The “strange” behaviour of helium is an indication a 
a fact of enormous importance, This is the first time Ve) 
we have come UP against the impossibility of applying ed 
the world of atoms the basic laws of mechanics establis! 
by means of a direct investigation of the motion of Naess 
bodies—laws which seemed to constitute a firm foun 
tion for physics. ute 
The fact that helium “refuses” to crystallize at absol 
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(1 

1 

$ LIQUID HELIUM I 
LIQUID § 


Figure 4.14 


Zero is by no means possible to reconcile with the mechan- 
ics which we have been studying until now. The contra- 
diction which we have come across for the first time, 
that atoms do not obey the laws of mechanics, is merely 
the first link in a chain of sharper and more glaring con- 
tradictions in physics. y , 

These contradictions have led to the necessity of revis- 
ing the foundations of the mechanics of atomic motion. 

his revision is very profound and has led to a change in 
our entire understanding of nature. : 

The necessity for a radical revision of the mechanics of 
atomic motion does not imply that we must give up the 
laws of mechanics we have studied as a bad job. It would 
have been unfair to make the reader study unnecessary 
things. The old mechanics is completely valid in the 
world of large bodies. This is already enough for n . 
regard the corresponding chapters of physics with comple 
respect, However, it is also important that a number o: 
aws of the “old” mechanics pass over without change into 
pe “new” mechanics. Among them, in particular, is the 
aw of conservation of energy. , 

The presence of “inalienable” energy at absolute zero is 
not a special property of helium. It turns out that all 
Substances have “zero” energy. Only for helium does 
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this energy prove sufficient to prevent the atoms from 
forming a regular crystal lattice. y F 

One must not think that helium cannot occur in a Se 
talline state. It is merely necessary to raise the ae 
to approximately 25 atm in order to crystallize ae = 
Cooling carried out above this pressure leads to the 10 
mation of solid crystalline helium with perfectly ordinary 
properties. Helium forms a face-centred cubic at 

The phase diagram for helium is shown in Figure 4. be 
It differs greatly from the diagrams of all other sv 
stances in the a 


ne the absence of a triple point. The melting 2 
boiling point curves do not intersect. 


5. Solutions 


What a Solution Is 


If broth is salted and stirred with a spoon, no traces 
of salt will remain. It should not be thought that the grains 
of salt are simply not visible to the unaided eye. One will 
not succeed in detecting the tiny salt crystals in any way, 
because they have dissolved. If pepper is added to the 
broth, no solution will be obtained. One can even stir the 
broth for days on end, but the tiny black grains will not 


disappear. 
„But what do we mean when we say that a substance has 
dissolved? For the atoms or molecules composing it cannot 
? Of course not, and they 


vanish without a trace, can they 0 
do not vanish. When dissolving, only the grains of a sub- 
stance, crystals, accumulations of molecules of a single 
sort disappear. A dissolution consists in stirring the par- 
ticles of a mixture in such a manner that the molecules 
of one substance are distributed between the molecules 
of another. A solution is the mixture of molecules or atoms 
of different substances. 


A soluti A : 
ion can contain vari ) t 
he composition of a solution is characterized by its 


Concentration, for example, the ratio of the number of 
grams of a solute to the number of litres of a solution. 
As we add a solute, the concentration of a solution 
grows but not without bound. Sooner r later the solution 
will become saturated and will cease “taking in” the solute. 
The concentration of a saturated solution, 1.e. the limit- 
ing” concentration of the solution, is called the solubility. 


ous amounts of a solute. 
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as sugar 
It is possible to dissolve a surprising err ~ of 
in hot water. At a temperature of 80 C, a esidue, This 
water will accept 720 g of sugar with no ri ad is called 
saturated solution will be thick and viscous, = for sugar 
a sugar syrup by cooks. The figure we just ga ncentration 
is for a cup which holds 0.21. Hence, the on (which is 
of sugar in water at 80 °C is equal to 3600 g 


solve qui 
lutions are used f 


cose a 
i ning 
formed into a large one, remai 
monocrystal. 


Solutions of Liquids and Gases 


Is it po 
it is. For 


i in it. 
mpletely mixed up in i evo 
gi not always obtained when 
liquids are mixed. 


stil, 

g kerosene to water. No matter how a this 

you will not succeed in obtaining a uniform solutio oup: 
is just as hopeless as trying to dissolve pepper in 
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As soon as you stop stirring, the liquids arrange themselves 
in layers: the heavier water at the bottom, the lighter 
kerosene on the top. Kerosene with water and alcohol 
with water are systems having opposite properties with 
respect to their solubility. 
However, there are also intermediate cases. If we mix 
ether with water, we shall clearly see two layers in the 
vessel. At first glance, it might appear that on the top 
is ether and at the bottom is water. But as a matter of 
fact, the lower and upper layers are solutions: at the bot- 
tom is water in which part of the ether is dissolved (the 
Concentration being 25 grams of ether to a litre of water), 
while on the top is ether in which there is a noticeable 
amount of water (60 g/l). 
Let us now turn our attention to solutions of gases. 
It is clear that an unlimited amount of an arbitrary gas 
will dissolve in any other gas. Two gases always inter- 
mingle in such a way that the molecules of one penetrate 
between the molecules of the other. For gas molecules 
interact but slightly with each other, and so each gas 
behaves in the presence of another gas by, in a certain 
Sense, not paying any “attention” to its cohabitant. — 
Gases can also dissolve in liquids. However, not in 
arbitrary amounts but in limited ones, not differing in 


this respect from solids. Moreover, different gases dis- 
Solve differently, and these differences can be very great. 
a can dissolve in water 


mmense amounts of ammoni 

(about 100 grams to half a glass of cold water), and large 

amounts of hydrogen sulphide and carbon dioxide. Oxygen 

and nitrogen are soluble in water in only negligible 
f cold water). 


amounts (0.07 and 0.03 grams per litre o 
Therefore, there is a total of only about one-hundredth 


ofa gram of air in a litre of cold water. However, even 
this small amount plays a large role in life on the Earth, 
for fish breathe the oxygen of the air dissolved in water. 

The greater the pressure of a gas, the more of it will 
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f a dissolved gas 
i in a liquid. If the amount ol ity between 
ee ices is a direct ee liquid. 
it and the pressure of the gas above the sur ae so good for 
ho has not enjoyed a glass of cold so in soda because 
uenching one’s thirst. It is possible to obta olved gas on 
of the dependence of the amount of eea water under 
the pressure. Carbon dioxide is driven in ery store where 
pressure (from the cylinders which are in ev lass, the pres- 
soda is sold). When soda is poured into a F te “super- 
sure falls to atmospheric and the water gives r 
uous” gas in the form of bubbles. divers shoul: 
Taking such effects into account, deep-sea rface. Addi- 
not rise rapidly from under the water to the san under the 
tional amounts of air dissolve in a diver’s b othe pressure 
high Pressure of deep water, When rising, of bubbles 
falls and air begins Separating out in the form 
which can Stop up the blood vessels. 


Solid Solutions 


, day 
The word “solution” is applied to liquids in every 
life. Owever, there als 
and molecules 
one obtain so 
aid of mortar and pe: 
the Substances to be 
then mi 


stle. T 
mixed in 


ined 
id solutions might be obt ai 
ight be, but they cannot or of 


ls 0 
e Water; the minutest crysta 
salt and Sugar Will be fo 


Salt 
und at the bottom of the cup. 
t yield solid solutions. 
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It is possible to melt cadmium and bismuth in a single 
crucible. After cooling, we can see a mixture of cadmium 
and bismuth crystals through a microscope. Bismuth and 
cadmium do not form solid solutions either. 

A necessary although not a sufficient condition for the 
emergence of solid solutions is the affinity of the molecules 
or atoms of the substances being mixed in form and dimen- 
sions. In this case, crystals of one sort are formed when 
the mixture freezes. The lattice points of each crystal are 
usually occupied randomly by atoms (molecules) of differ- 
ent sorts. 

Alloys of metals of great technological value are fre- 
quently solid solutions. The dissolution of a small amount 
of an admixture can radically change the properties of a 
metal. A striking illustration of this is the obtaining of 
one of the most widespread materials in technology — 
steel, which is a solid solution of small amounts of carbon 
(of the order of 0.5 of weight per cent, that is one atom 
of carbon to 40 atoms of iron) in iron, where the atoms 
oi carbon are randomly distributed between the atoms 
of iron. 

On on atoms dissolve in iron. 

ly a small number of carb een by waning 
Alloys of gold and 
Copper can serve as an example. Crystals of gold and copper 
have lattices of the same type—face-centred cubic. An 


of copper can be obtained by conceptually deleting atoms 
of gold from the lattice and replacing them by atoms of 
copper. Moreover, the replacemen 
with the copper atoms generally being 
y among the lattice points. i 

Alloys of copper wit gold may be called solutions of 
replacement, whereas steel is a solution of a different type, 


a solution of introduction. 


10-1179 
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n ; o not 
In the vast majority of cases, solid ae ue can 
arise, and, as has been said above, after coo iis Oe 
see in the microscope that the substance oo . 
mixture of tiny crystals of both substances. 


How Solutions Freeze 


it will be 
Ifa Solution of any salt in water is cooled, "t owere . 
iscovered that the freezing point has a an nly 
ero mark is past, but Solidification does not oc do tiny 
at a temperature of Several degrees below zero stals 0 
crystals appear in the liquid. They are tiny cry 
pure ice: salt does not dissolve in solid ice. tion of 2 
© freezing point depends on the concentra om } 
ion, e concentration of a a 
g point. A saturated solu 


o 

small: thus, the saturated wit 

ium chloride in water freezes at —21 ter 

» We Can achieve an even gron ples j 

ure; um chloride, for example, enam ieg] 

to bring the freezi nt of a solution down nr taker 
NOW Consider of freezi 

Place. After the first tiny opt, process have folen aa 

of a solution, the concentration of the solution ino b 

relative number pt alien molecules oc 

r e Process ization £ 

also increase and” e freezing p vstalliz If we a i 

mperature, then crystallization sys- 

Owering of temperature, tiny out 

water (the Solvent) Continue separating ich 

Finally, the solution becomes s i 

ment of the fe 


ater 


: aturated. A further e iple 
solution. by the Solute becomes impos ok 
and the solution Solidifies 
at the frozen mi 


if we 10 
once; moreover, i an See 
xture Chron a eee ie 
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rer it consists of tiny crystals of ice and tiny crystals 
of salt. 

Consequently, the freezing of a solution is unlike that 
of a simple liquid. The process of freezing is spread out 
over a wide temperature interval. 

What will happen if we pour salt on some frozen surface? 
The answer to this question is well known to yard men — 
as soon as salt comes in contact with ice, the ice begins 
melting. In order that this phenomenon take place, it is 
necessary, of course, that the freezing point of a saturated 
salt solution be luwer than the temperature of the air. 
If this condition is met, the mixture of ice and salt isin an 
alien phase region, namely, in the region of stable exi- 
stence. Therefore, the mixture of ice with salt will turn 
into a solution, i.e. the ice will melt and the salt will 
dissolve in the water so formed. Finally, either all the 
ice will melt or else a solution of such a concentration will 
be formed that its freezing point will be equal to the tem- 
Perature of the surroundings. i 

Suppose that a yard whae area is 100 m? is covered by 
a 1-cm layer of ice—this is quite a pit of ice, about one 
ton. Let us calculate how much salt is needed to melt this 
ice if the temperature is —3 °C. For such a freezing Goet 
ing) point the concentration of a salt solution masi “4 

g/l. Approximately one litre of water correspon 4 o 
one kilogram of ice. Hence, in order to melt one ton o ite 
at —3 °C, 45 kg of salt are needed. A much smaller anne 
is used in practice since one does not seek the complete 


melting of all the ice. 2 : 
Ice elta a] with salt, and salt sete 
water. But heat is required for melting, and the ice a 
it from its surroundings. Therefore, the addition of salt 
to ice leads to a decrease in temperature. i 
e are now in the habit of buying ice cream, but it 
was previously made at home. In this connection, a 
mixture of ice and salt played the role of a coolant. 


PANN 
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F ; eir 
Boiling of solutions has a lot in common with thi 


. ion 
r alien molecules impede the crystallizatig 
of a liquid, an so lower the freezing point. In leg a 
he s alien molecules impede the boiling 
liquid, and S0 raise its boiling point. tion 
that within certain limits of concentra er- 
(for not very concentrated solutions), neither the pon 0 
EA R zing point of a solution nor the raire a 
its boiling poi epends in the least on the properti 
of the solute but is 


i ; much 

: à i ater is raised one-third as MU®- 

as its freezing Point is lowered. Thus, sea water conta 
of salt has a boning pC 

eoa & point is lowered by her. 

sce one liquid igher temperature than another: 
? en or the same temperature) its vapour pressure 

Mag ence, the Vapour pressure of a solution iS sat 

an that of the the solvent. One can judge the ae 

e following values: the vapour e 

Sure at 20 °C equals 17.5 mm Hg and the vapour pressu" 
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of a saturated solution of sodium chloride at the same 
temperature is 13.2 mm Hg. 

Vapour with a pressure of 15 mm Hg, unsaturated for 
water, will be supersaturated for a saturated salt solu- 
tion. In the presence of such a solution, the vapour starts 
condensing and uniting with the solution. Of course, not 
only a salt solution but also powdered salt will take wa- 
ter vapour out of the air. In fact, the very first drop of 
water falling on the salt will dissolve it and create a 
Saturated solution. 

The absorption of water vapour from the air by salt 
leads to the salt’s becoming moist. This is well known to 
hosts and affords them grief. But this decrease in vapour 
pressure over a solution can also be of benefit: it is used 
for drying air in laboratory practice. Air is passed through 
calcium chloride, which is the record holder in taking 
moisture out of the air. While a saturated solution of 
sodium chloride has a vapour pressure of 13.2 mm Hg, 
that of calcium chloride is 5.6 mm Hg. The vapour pres- 
Sure will fall to this value when it is passed through a 
Sufficient amount of calcium chloride (1 kg of which 
‘has room for” approximately 1 kg of water). This is a 
negligible humidity, and such air may be regarded as dry. 


How Liquids Are Freed of Admixtures 


Distillation is one of the most important means of 
Teeing liquids of “admixtures: The liquid is boiled and 
e vapour is sent into a refrigerator. When cooled, ue 
Vapour turns into a liquid once more, but this liquid wi 
e purer than the initial one. Pig ae 
t is easy to ot rid of solids dissolved in a liquid with 
the aid of distillation. Molecules of such substances are 
Practically absent in water vapour. Distilled water is 
Obtained in this way—completely tasteless pure water 
devoid of mineral admixtures. 
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id of 
However, using evaporation, we can also gat mid of 
liquid admixtures and separate a mixture eo Ee 
two or more liquids. In this connection, we ma ot boil 
the fact that two liquids forming a mixture do n 
with the same “ease”. le, 
Let us see how a mixture of two liquids, for pen 
of water and ethyl alcohol, taken in equal am 


(100 proof vodka), will behave when boiled. n al- 
Under standard pressure, water boils at 100 °C and 
cohol at 78 °C. T 


f i 
e mixture we are dealing with wilh Das 
at the intermediate temperature of 81.2 °C. Aleh an 
more easily, so its vapour pressure is greater, an he first 
initial fifty-per cent composition of the mixture, the 
portion of vapour will contain 80% alcohol. -ned into 
We can draw off the portion of vapour so ahtaan ohol. 
a refrigerator and obtain a liquid enriched by fig clear 
1S Process can be further repeated. However, it 18 sut- 
that such a method is not practical, for with ane i : 
cessive distillation less and less substance will be Oe sir 
n order that there be no such loss, so-called frat ey 
ating (i.e. Purifying) columns are applied for the P 
Pose of cleaning ‘a liquid. pe 
The idea behind the structure of this interesting cae 
ratus Consists in the following, Imagine a vertical co is 
whose lower Part contains a liquid mixture. eo 
supplied below the column and Cooling is carried out 4 an 
it. The vapour formed by boiling rises to the top heat 
condenses; the resulting liquid flows down. For a fixe 
supply from below a 


the 
nd heat removal from abo wing 
Countercurrents 


g 
cros 
n on some horizontal d 


ixt 
none of th composing the liquid T gainn 
stays behind. If we are dealing with a column co 
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ing a mixture of alcohol and water, the amount of alcohol 
passing upwards and downwards, just as the amount of 
water passing upwards and downwards, will be equal. 
Since the liquid is going down and the vapour is coming 
up, this means that the compositions of the liquid and 
of the vapour are identical at any height in the column. 
_As has been just explained, the equilibrium of the 
liquid and the vapour of a mixture of two substances re- 
quires, on the contrary, a difference between the composi- 
tions of these phases. Therefore, the conversion of liquid 
into vapour, and of vapour into liquid, takes place at any 
height in the column. Moreover, the high-boiling compo- 
nent condenses and the low-boiling component passes from 
the liquid to the vapour. o. 

Consequently, it is as though the rising vapour were 
taking away the low-boiling component and the down- 
flowing liquid were continually being enriched by the 
high-boiling component. The composition of the mixture 
Will become different at each height: the higher the mix- 
ture, the greater the percentage of the low-boiling com- 
Ponent. In the ideal case, a pure layer of the low-boiling 
component will be on the top and a pure layer of the high- 
boiling component will be at the bottom. 

The substances should now be drawn off, only as slowly 
as possible, in order that the ideal picture just outlined 
not be disturbed, the low-boiling one from the top, and 
the high-boiling one from the bottom. 


In ord the sepa 
safes ae r ible for the countercur- 


the currents of liquid and vapour are dela 
of plates distributed one above the o 
y means of overflow pip 
a lower level from an overfilled 
(0.3-4 m/s) forces its way throug | 
e diagram of a column is shown in Figure ids 
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Figure 5,4 


One does not alwa 


uid com” 
pletely. Certain mi 


YS succeed in purifying a in prop: 
xtures possess an bray > com 
erty: for a definite Composition, the ratio of t tha 
nents of the evaporating molecules is the same as 

the liquid mixture, In 


ification by means of th, ol an 
possible. Such is the mixture containing 96% alcohol 20” 
4% water: it Yields a 


iti 
Vapour of the same compos ob- 
Consequently, 96% ale, 


be 
tained by the evaporation method. 

Rectification (or distill aP ipe Í 
nology. For example, ga 
the aid of rectification. 


t 
: importa? 
ation) of liquids is an impor!” 


E 
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It is a curious fact that rectification is the cheapest 
method of obtaining oxygen. For this, of course, one must 
change air to the liquid phase beforehand, after which one 
can separate it into almost pure nitrogen and oxygen by 
means of rectification. 


Purification of Solids 


On a phial containing a.chemical substance alongside 
of the chemical name one can sce, as a rule, the following 
notation: “pure”, “pure for-analysis” or “speclroscopically 
pure”. They are used to mark the degree of purity of a 
substance: “pure” means a rather slight degree of purity— 
there may possibly be an admixture of the order of 1% 
in the substance; “pure for analysis” means that admixtures 
constitute not more than several tenths of a per cent of 
the substance; “spectroscopically pure” is not easy to 
obtain, since spectral analysis detects an admixture of 
several thousandths of a per cent. The inscription “spec- 
troscopically pure” permits us to be confident that the 
purity of the substance is characterized by at least “four 
nines”, i.e. that the content of the basic substance is not 
less than 99.99%. 

The need for pure solids is quit 
Several thousandths of a per cent 
ical properties, and in one specia 
al interest to modern technology, 3 ; 
obtaining semiconductors, technologists-require a purity 
of seven nines. This means that one unnecessary atom 
among ten million necessary ones prevents us from solv- 
ing engineering problems! We take recourse in special 
methods for obtaining such ultrapure materials. j 

Ultrapure germanium and silicon (these are the main 
representatives of semiconductors) can be obtained by 
slowly drawing out a growing crystal from a melt. A rod 
on whose tip a seed crystal is attached is brought to the 


e great. Admixtures of 
can change many phys- 
] problem of exception- 
namely the problem of 
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re 
dmixture usually dissolve much mee 
easily in a liquid than in a solid. Consequently, a ass 
boundary of the melted zone, the atoms of i apace . 
rom solid parts to the Melted zone and do not pass zing 
It is as though the moving melted zone were melee 
off the atoms of the admixture together with the 7 the 
The oven is turned off uring the reverse motion, an et- 
operation of pulling the melted zone past the rod of m o; 
al is repeated many times, After a sufficient nimb a 
cycles, it only remains to saw off the polluted end 0 in 
rod. Ultrapure Materials are obtained in a vacuum oF 
an atmosphere of inert gas, ifi- 
Vhen there is a large fraction of alien atoms, Ping 
cation is carried out by other methods, the zone mel fot 
and pulling a crystal out of a melt being applied only 
the final purification of the material 


Adsorption 


Gases rarely dissoly 


5 ate 
e in solids, i.e. rarely penetrá 
there exi 


tio 
sts a different ki d of absorp 
of gases by solids. Molecul, Ea aae kin 
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adsorption*. Thus, adsorption occurs when molecules 
cannot penetrate within a body, but successfully stick to 
its surface. 

To be adsorbed means to be absorbed by a surface. But 
can such a phenomenon really play a significant role? In 
fact, a layer one molecule thick, even on a very large 
object, will weigh a negligible fraction of a gram. 

Let us perform the appropriate calculations. The area 
of a small molecule is about 10 A%, i.e. 1075 cm’. Hence, 
105 molecules will fit into a square centimetre. That 
Many molecules, say, of water, do not weigh much: 
3 x 40-8 g. Even in a square metre, there will be room 


for only 0.0003 g of water. , 
Mew notloesble amounts of a substance will form on 
surface areas of hundreds of square metres. Thiere is as 
much as 0.03 g of water (10% molecules) per 100 m°. 
But do we come across such sizable surface areas m a 
laboratory practice? However, it is not hard to grasp iat 
Sometimes very small bodies, fitting ae i e tip oi 
teaspoon, have enormous areas of hundreds of sq 


metres. 
face area of 
A cube wh dges are 1 cm long fas a sur i 
a oe eed i such a cube into 8 oael pen pclae 
p:5-om edges. The small ag ES all. Their 
.25 cm. 6 x 8 = 48 su i 
total. arsa ms zeal to 42 cm?. The surface area has been 


oubled. i i . 
Thus, every splitting of a body a on 
Let us now break up a cube with a Ton TS the large 
chips one micrometre long: 14 pm = 10 E iede (let us 
cube will be divided into 107? pieces. Each pie is cubic) 
assume for the sake of simplicity that it, othe total 
as a surface area of 6 wm’, i.e. 6 X saat 
eters , , 
*Adsorption should not be confused with absorption, which 
simply means taking in. 
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» 408 2 ie 
Surface area of the chips is equal to 6 x 104 ie. 
6 m?. And such a splitting is by no means the ae 
t is quite understandable that the specific oe me 
(i.e. the surface area of one gram of a suberna euk 
immense. It grows rapidly with the crushing of a 


À i in pro- 
stance—for the surface area of a grain decreases 
portion to th 


e 
: 5 i ad th 
e square of its linear dimension, ar 
number of ins i 


in 

s. The same gram of e tend 

drops has a surface area of abou f fog 
e gram of droplets E 

has a surface area of several hundred sqùare ho Detter), 

P a piece of coal (the finer the dioxide 

it will be capable of adsorbing ammonia, carbon d for 

and many toxic g property has BEREN 

ication in gas-masks. Coal breaks up Pticles 

ularly well, and the linear dimensions of its per i o: 

can be reduced to ten angstroms, Therefore, one ore iare 
special coal has a Surface area of several hundred sq 

metres. A gas 


« tens 
-mask with coal is capable of absorbing 
of litres of gas, 


n indus- 
dsorption is widely employed in the chemical ind 

try. Molecules of diff «oinate iP 
come in close contact with each other and participa 
chemical reactions i 
chemical Processes, one 


as 0 
split-up metals (nickel, Copper and others) as well 
coal. Substances increas 


tion are called Catalysts. 
Osmosis 


Among the living tissues, there are peculiar me 
which have th 


le 
e ability of letting water mo 
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pass through them, remaining impermeable to molecules 
of substances dissolved in water. The properties of these 
membranes are the causes of physical phenomena bearing 
the name “osmotic” (or simply “osmosis”). 

Imagine that such a semipermeable partition divides 
a pipe made in the form of the letter U into two parts. A 
solution is poured into one of the elbows of the pipe, and 
Water or some other solvent into the other elbow. Having 
Poured the same amount of liquid into both elbows, we 
Shall discover with surprise that there is no equilibrium 
when the levels are equal. After a short time, the liquids 
Settle down at different levels. Moreover, the level is 
raised in the elbow containing the solution. The water 
Separated from the solution by the semipermeable par- 
tition tends to dilute the solution. It is just this phenom- 
enon that bears the name osmosis, and the difference in 

eight is called the osmotic pressure. ; 

But what is the cause giving rise to osmotic pressure? 
In the right-hand elbow of the vessel (Figure 5.2), pres- 
Sure is exerted only by water. In the left-hand elbow, the 
total pressure is the sum of the pressure of the water and 
that of the solute. But the door is open only for the water, 
and equilibrium in the presence of the semipermeable 
Partition is established not when the pressure from the 
left equals the total pressure from the right, but when the 
Pressure of the pure water is equal to the “water” portion 
of the pressure of the solution. The arising difference 
between the total pressures is equal to the pressure of 
"oa palute. ly the osmotic pres 

is excess ressure is precisely S S- 
sure, As ala and dorpie Rons show, the osmotic 
Pressure is equal to the pressure exerted by a gas composed 
of the solute and occupying the same volume. It is 
therefore not surprising that osmotic pressure is measured 
ìn impressive numbers. The osmotic pressure arising in 
One litre of water when it dissolves 20 grams of sugar 
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Figure 5.2 


: o 
} water through the tissues fr 
organism into the i 


ntestines. thirst? 
hy does very sal 
It tur 


s coquit? 
sequently, an organism which has a o tis 


Soo i t 
2 only fail to give it ator take? 
sue liquids, but, on the Contrary, eliminates wa 


ng with urine. 
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Frictional Forces 


This isn’t the first time that we are speaking of fric- 
tion. And as a matter of fact, in telling about motion, tow 
could we have managed without mentioning friction? 
Almost any motion of the bodies surrounding us is ac- 
companied by friction. A car whose driver cut ka po 
comes to a halt; a pendulum comes to rest al Se 
oscillations; a small metal ball thrown into a jar ain 
flower oil slowly sinks. What makes bodies moving n g 
a surface come to a halt? What is the cause o lf cnn 
falling of a ball in oil? We answer: the arn Ee 
pine during the motion of some bodies along 

aces of others. a i 

But frictional forces arise not only during ne M 

You probably had to move furniture in a oy a 
know how hard it is to begin moving a eee friction. 
The force counteracting this effort is called è H em voll 

Frictional forces also arise when we hotia] phe- 
objects. These are two somewhat diterent p King fric- 
nomena. We therefore distinguish between pe of times 
tion and rolling friction. Rolling friction 18 


less than sliding friction. , i 
f i ie tea cases sliding also ge ol = 
great ease. A sled slides easily #1008 snow, 
ing of skates along ice is even easier- 
But what a do frictional forces depend. o 
frictional force between solid bodies cenen evei bi 
Speed of the motion and is proportional to the werg 
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ae ake twice 
a body. If the weight of a body doubles, it Bets We 
as hard to set it in motion and to keep ee iol 
haven’t expressed ourselves with complete rae force 
what is important is not so much the weight ra is light, 
that presses the body to the surface. If a bo 2 he will 0 
but we press down hard on it with our hand, the force 
course affect the force of friction. If we denote 


nae ae By in most 
that presses a body to a surface (this is its weint h wali 
cases) by P, the following simple formula wi 
for the frictional 


force Fyr: 
Fyp=kP F: 
bi into 
But how are the properties of surfaces taken i 
count? F 


sled 
or it is well known that one and the Sa runners: 
will slide completely differently on the very same r q wit! 
depending on whether or not the runners are orn pro- 
iron. These Properties are taken into account by coeffi- 
portionality factor k, which is called the friction 
cient, imate- 
The friction coefficient of metal on wood is anpren Ti one 
ly equal to one-half. Only with a force of 1 kgf mass 
succeed in se Motion a metallic slab get the 
of 2 kg which is lying on a smooth wooden table. 0.021. 
friction coeffici f steel on ice js equal to only only 
That same slab can be moved on ice with a force 0 
0.054 kgf. 


~ (Fig- 
omb dated approximately 1650 B.C. : of 
ure 6.1). We sı 
a sledge carryi 
The surface area d 
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r ich 
of steel weighing a kilogram and a Kopra weight whi 
is s rted by the surface of a small area. , B EE 

a oe remark about forces of sliding pag aa 
It is somewhat more difficult to set a body in mori the 
to keep it moving: the force of friction gyerm. ab- 
first instant of motion (static friction) exceeds the 
sequent values by 20-30%. "icti 

Whar can be ail about the force of rolling etree 
Say, for a wheel? Just as for sliding friction, the ae fie 
the force that passes a wheel to a surface, the ae saute 
rolling friction. Furthermore, the force of rolling L ‘nis 
is inversely proportional to the radius of the whee cepti- 
is understandable: the larger the wheel, the less Pa it is 
ble will be the roughness of the surface along whic 
Tolling. e in 

If we compare the forces which must be peer: 
making a body slide and roll, the difference we O stee: 
18 very impressive. For example, in order to pull a force 

ar weighing 1 tonf along an asphalt pavement, able of 
of 200 kef must be applied—only an athlete is capa ai 
doing this. But even a child can roll this very same 


r 
Tia cart—a force not greater than 10 kgf is needed fo 
is j 
. r d 
It’s no wonder that Tolling friction has “defeate 
sliding friction. It i 


ity 
-y Was not without reason that human 
Switched to wheel 


have not been small—slidj icti duced 


by a factor of 8-10. But in a great many cases, the 51% 
ing friction, even with lu $ z able tha 
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Figure 6.2 


it costs too much. This circumstance greatly oat “ents 
development of technology at the end of the par i lacing 
It was then that the remarkable idea peg sition Ball 
the sliding friction in bearings by rolling iri t. Small 
earings have accomplished this Eau we be As 
alls were fitted in between the axle an b h and the 
the wheel turns, the balls roll along the eae A 
axle rolls on the balls. The construction of t a laced by 
is shown in Figure 6.2. Sliding friction was jane l 
rolling friction in this manner, thus reducing 
orce imes over. ; i 
Tho T t by ball and roller bearings ee 
technology can scarcely be exaggerate h riba rollers. 
With balls, with cylindrical rollers, with eel with such 
All Machines, large and small, are SS etre in diam- 
bearings. There exist ball bearings a millim h over a ton. 
eter; some bearings for large mannes yor course, in 
alls for bearings (you have seen t aa ith the most 
Certain store windows) are manufacture imete to 
varying diameters—from fractions of a m 
Several centimetres. 
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Viscous Friction in Liquids and Gases 


ing of “dry” friction, 

til now we have been speaking o: two soli 
De the friction arising from the contact oi subject to 
objects. But floating and flying bodies are of friction has 

the action of frictional forces. The source W friction- 

changed—dry friction is replaced by “we ving in water 
The resistance experienced by a body ly different from 
or air is subject to other laws, essentially ken of above: 

the laws of dry friction, which we have Spo d a gas wit 
The rules for the behaviour of a liquid a Therefore, 
respect to friction cannot be distinguiehe and gases t0 
everything said below pertains to liquids ve will mean 
the same degree. When we speak of a fluid, v o 

a liquid or a gas. jctio 
One of the distinctions between “wet” and ary Fe aieth 
Consists in the absence of “wet static friction”: a 
Suspended in water or ai 


the fric- 
started by an arbitrarily small force. But as for 
tional force experienced by 


of the motion of bodies in 
no single law for « 


istence 
tions with high speeds. The e a 
of two laws implies that the flow of a medium otions of 
body moving in it takes place differently for mo 
solids with high and low speeds. sctance, OF 
For motions with low Speeds, the force of cee lineal 
drag, is directly Proportional to the speed and the 
dimensions of a body: 
FavL 


; zee £0 
How should we understand the eS ? 
dimension if we aren't told what shape the bo 


6. Molecular Mechanics 165 


What is meant is that for two bodies completely similar 
in shape (i.e. all of whose corresponding dimensions are 
in the same ratio), the ratio of the drag is the same as 
that of the linear dimensions of the bodies. 

Drag depends to an enormous degree on the properties 
of a fluid. Comparing the frictional forces experienced by 
the same objects moving with identical speeds in various 
media, we see that the thicker or, as we say, the more 
viscous the medium, the greater the drag experienced by 
a body. It is therefore appropriate to call the friction 
under discussion viscous friction. It is quite understand- 
able that air creates a negligible viscous friction, approx- 
imately 60 times less than water. A liquid can be “thin”, 
like water, or very viscous, like sour cream and honey. 

We can judge the degree of viscosity of a liquid either 
by the speed with which solid bodies fall in it or by the 
Speed with which it pours through an opening. 

It will take water several seconds to pour out of a half- 
litre funnel. A very viscous liquid will trickle out of it 
in hours, or even days. It is possible to give examples of 
even more viscous liquids. Geologists have called atten- 
tion to the fact that in the craters of certain volcanoes 
Spherical pieces are found in accumulations of lava on the 
Inner sides. At first sight, it was completely impossible 
to understand how such a sphere might be formed out of 

ava inside a crater. This would be incomprehensible if 
ava were regarded as a solid. But if lava behaves hs 
a liquid, it will drop down the crater just like any otaer 
liquid. But only a drop will be formed not in a fraction 
of a second but in the course of decades. When the drop 
ecomes too heavy, it will break away and fall at the 


bottom of 5 R A 

It is E example that real solid bodies and 
amorphous bodies, which, as we know, resemble liquids 
much more than crystals, should not be put on the same 
level. Lava is precisely such an amorphous body. It seems 
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be solid, but is actually a very gees s Take tt 
What do you think, is sage ng of two cups. sly 
them at the botto it is ea 
ett (for example, een the t 
3 i ne, and pour sealing wa) bury 
En Era Both liquids will harden Gak i forget 
oe Put these cups away in the cag eet months, you 
shout them for a long time. After severa and salt. A 
will see the difference between sealing a at the bo 
cork drowned in salt will be at rest, = alimg WAX will 
tom of its cup. Bat the cork drowned inse: 


i ite the same 
simply: the cork came to the surface in quite t eing is 
way as it would do in water. The only difference b small, 
that of time: when the force of viscous friction viscous 
a cork comes to the surface instantly, but in very 
liquids floating up takes months. 


Forces of Resistance at High Speeds 


$ we 
But let us return to the laws of “wet” friction. AS tty 
explained, at low Speeds the drag depends on the y aimed" 
of a liquid, the Speed of the motion and the linear ion fo 
sions of a body. Let us now consider the laws of fricti 
high speeds. But fir 
to be regard 


body and on the d 
density of a liquid. 


> 
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For air, “low”.is a speed less than 


0.75 j 
zr om S 


for water, less than 


0.05 I 
z cm/s 


and for viscous liquids like thick honey, less than 


5] 
a cm/s 


Consequently, the laws of viscous friction are. 
applicable to air and especially to water: even for low 
speeds, of the order of 1 cm/s, they will apply only for 
tiny bodies with millimetre dimensions. The resistance 
experienced by a person diving into water is to no extent 
Subject to the law of viscous friction. ; 

, But how can we explain the fact that the law govérn- 
ing the resistance of a medium changes with a change in 
speed? The causes must be sought in the change in the 
character of the flow of a liquid around a body moving 
in it. Two circular cylinders moving in a liquid are de- 
Picted in Figure 6.3 (their axes are perpendicular to the 
drawing). For a slow motion, the liquid flows smoothly 
around the moving object—the drag which it has to over- 
Come is the force of viscous friction (Figure 6.3a). For 
a high speed, behind the moving body there arises a com- 
Plicated irregular motion of the liquid (Figure 6.30). Var- 
lous streams appear and disappear, forming fantastic 
figures, rings and eddies. The picture made by the streams 
1s changing all the time. The appearance of this motion, 
called turbulent, radically changes the law of resistance. 
_ Turbulent resistance depends on the speed and dimen- 
sions of an object in an entirely different way than vis- 
Cous resistance: it is proportional to the square of the 
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Figure 6.3 


is- 
speed and the Square of the linear dimensions. The V 
cosity of a liquid durin 


an 
i g this motion ceases to play its 
essential role; the determining property becomes rof 
density, with the drag proportional to the first powe 
the density of the fluid. Therefore, the following form 
holds for the force F of turbulent resistance: 
F x pv? L? 


; ons 
where v is the speed of the motion, Z are linear dimension 
of the object, and p is the density of the medium. en't 
numerical proportionality factor, which we hav 
written down, has 


: ap? 
various values depending on the § 
of the body. ene 
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Streamline Shape 


Motion in the air, as has been said above, is almost 
always “speedy”, i.e. the basic role is played by turbulent 
and not viscous resistance. Airplanes, birds and parachut- 
ists experience turbulent resistance. If a person falls 
through the air without a parachute, then after a certain 
time he begins falling uniformly (the force of resistan 
balances the weight), but with quite a considerable speed, 
of the order of 50 m/s. The opening of a parachute leads 
to a sharp deceleration of the fall—the same Le a D 
now balanced by the resistance of the canona jooo the 
force of resistance is proportional to the speed of the m 
tion as well as to the linear dimensions of the taling ob- 
ject, the speed will decrease as many times as the linear 
dimensions of the falling body increase. The diameter D 
a parachute is about 7 m, whereas the danera i e 
man’s body is about one metre. The speed of t i se 
be decreased to 7 m/s. One can land safely with suc 
Speed. 

„We must say that the pri 
Sistance is far more easily so 5 

em. Reducing the air resistance on a car or a at pee 
or the water resistance on a submarine, 1S ane $ 
important and difficult technological pro GE ™ 

It proves possible to decrease turbulent resistance Dy 


a large factor by changing the shape ata body, Bor this 


on A+ > \ 
which ference to a minimum the buleti AA 
$ they ue Source of the resistance. This is achieved by, 
Ut whey” _ueeniining the object. " 
at sy, Snape is best in this sense? Tt would « é 
orst Sight that the body should be shaped yo Senne 
should „Side comes to a point. Such a point, it seems, 
im cleave” the air most successfully. But it proves 
Portant not to cleave the air but to disturb it as little 


a s 
S possible so that it flows smoothly around the object, 


oblem of increasing the re- 
ved than the converse prob- 
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Figure 6,3 


jp 
imensions: ‘The Yi 
speed and the Square of the linear dimensions.. play 2” 
cosity of a liquid during this motion ceases 


ts 

mes } 

essential role; the determining property beco: er of 
density, with the dra 


i first pow' Ja 
& proportional to the ‘ Imu 
the density of the fluid. herefore, the following fo 
holds for the force F of turbulent resistance: 
F x pv? L2 


> and p is the d 


n 
A 5 have 
nality factor, which we 

as various y 
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Streamline Shape 


Motion in the air, as has been said above, is almost 
always “speedy”, i.e. the basic role is played by turbulent 
and not viscous resistance. Airplanes, birds and parachut- 
ists experience turbulent resistance. If a person falls 
through the air without a parachute, then after a certain 
time he begins falling uniformly (the force of resistance 
balances the weight), but with quite a considerable speed, 
of the order of 50 m/s. The opening of a parachute leads 
to a sharp deceleration of the fall—the same weight is 
now balanced by the resistance of the canopy. Since the 
force of resistance is proportional to the speed of the mo- 
tion as well as to the linear dimensions of the falling ob- 
ject, the speed will decrease as many times as the linear 
dimensions of the falling body increase. The diameter of 
a parachute is about 7 m, whereas the “diameter” of a 
man’s body is about one metre. The speed of the fall will 
be decreased to 7 m/s. One can land safely with such a 
Speed. 

_We must say that the pro 
Sistance is far more easily solved than the converse prob- 
lem. Reducing the air resistance on a car or an airplane, 
or the water resistance on a submarine, is one of the most 
important and difficult technological problems. 

It proves possible to decrease turbulent resistance by 
a large factor by changing the shape of a body. For this 
one must reduce to a minimum the turbulent motion, 
which is the source of the aes This is achieved by, 
as they say, streamlining the object. 

But iar shape is Beer in this sense? It would appear 
at first sight that the body should be shaped so that the 
forward side comes to a point. Such a point, it seems, 
should “cleave” the air most successfully. But it proves 
important not to cleave the air but to disturb it as little 
as possible so that it flows smoothly around the object. 


blem of increasing the re- 
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Figure 6.4 


r a body moving in a ee the ith 
whose shape is obtuse in front and pointed behind”. W, 
such a shape, the 


Not in any 
they would create turbulence. 
The streamli 


at- 
; to the motion but also the are he 
est lift, when the fairing is inclined upwards gn ai 
- Flowing around a wing, Sicula 
in the direction perpen jined 
~4). It is clear that for an ine: 

wing this force is di 


*The pointed prows of boats a 
for “breaking” waves, 


eed 
nd sea-going vessels are n 
along the surface, 


e 
$ Jace 
i.e. only when the motion is taking P 
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Figure 6.5 


t as a matter of fact, as 


angle of attack, the better. Bu 
ooth flow of the 


the angle of attack is increased, the sm h 
plane becomes more and more difficult, and at a certain 


value for this angle, as illustrated in Figure 6.5, violent 
turbulence arises; the drag sharply increases and the lift 


decreases, 


Disappearance of Viscosity 

_ Very often, in explaining some phenomenon or describ- 
ing the behaviour of one or another group of bodies, we 
refer to well-known examples. It is quite obvious that 


this object should be moving in such a manne’, we say, 
to the very same 


for other bodi according 
onies glao mova w to that which we 


rules. The explanation reducing the ne i 
course of our lives always 


have already come across in the 

satisfies the majority. We therefore did not have any par- 
ticular difficulty in explaining to the reader the laws in 
accordance with which liquids move—for everyone has 
seen how water flows, and the laws governing this motion 


Seem quite natural. 
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” iquid which 
However, there is one perfectly amazing ig accor- 
does not resemble any other liquid and ee alone. It is 
dance with special laws characteristic o af 
liquid helium. 5 ins in 
‘We have already said that liquid helium rom absolute 
liquid phase tight down to the poo eo 2.19 
zero. However, helium above 2 K (more preci completely 
and helium below this temperature are two 


is miraculous helium is called helium e its super 
e most striking property of helium II covered 
fluidity, i.e. complete lack of viscosity, dis 
i S PA Kapitza in 1938. 
In order to obsery 
ne 


F metre 
a very fine slit at the bottom—of only half a micro 


uch 2 
in width. An ordinary liquid hardly seeps through § 

slit; helium also beh 

9K 


even strang MAERT 
pable of “climbin out” of the glass or test tube into adit 
it was poured. A test ‘he with helium II is plac e 0 
a Dewar vessel over a helium bath. “Without ge in 
reason”, helium rises along the wall of the test tu and 
the form of a very fine, completely unnoticeable am e. 
overflows; drops fal] from the bottom of the peg E 
It should be Tecalled that thanks to capillary evel 
which were discussed on P- 45, the molecules of yj an 
liquid wetting the wall of a vessel climb up this wa 
form the finest film on it 
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10-8 cm. This film cannot be seen by an eye, and in gener- 
al does not manifest itself in any way for an ordinary 
viscous liquid. 

The picture changes completely if we are dealing with 
helium devoid of viscosity. In fact, a narrow slit does not 
hinder the movement of superfluid helium, and a thin 
film on a surface is just the same as a narrow slit. A liquid 
without viscosity flows ina very fine layer. The film cov- 
ering the surface forms a siphon over the edge of the 
glass or test tube through which the helium overflows 
the vessel. 

_It is obvious that we do not observe anything of the 
kind in the behaviour of an ordinary liquid. A liquid of 
Standard viscosity is practically unable to “make its way” 
through a siphon of negligible thickness. Such a motion 
is so slow that the outflow would last millions of years. 

_ Thus, helium II is devoid of any viscosity. The conclu- 
Sion that a solid should move without friction in such a 
liquid would appear to follow from this with iron logic. 


et us take a disc on a string, place it in liquid helium II 
his uncomplicated device 


and twist the string. Leaving t i 
alone, we create something like a pendulum—the string 
With the disc will oscillate and periodically twist first 
in one and then in another direction. If there were no 


friction, we should expect the disc to oscillate perpet- 
After a comparatively 


ually. But nothing of the kind! ) i 
short time, approximately the same as for ordinary helium 
(i.e. helium at a temperature above 2.19 K), the disc 
Comes to a halt. But how will this happen? When flowing 
Tough a slit, helium behaves like a liquid without vis- 
Cosity, but behaves like an ordinary viscous liquid in 
relation to bodies moving in it. It is this, to be sure, that 
d incomprehensible. 


's in fact completely extraordinary an n 
t now remains for us to recall that helium does not 
The crux of the problem 


Solidif i 
i y right up to absolute zero. 
iS that the ilens about motion which we are accustomed 
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ined 
to are not suitable any more. If helium meg 
liquid “illegally”, should we be surprised by 
behaviour of this liquid? behaviour of 
t is only possible to understand the ee concede 
liquid helium from the point of view of the ne : 
tions of motion 
a general idea 
behaviour of liquid helium. 


na theory, 
uantum mechanics is an extremely intricate 
which i 


T 
; ven strange 
not be surprised that the explanation looks even s 

than th 


Helium II beh 


e of 
two liquids 


etur 
aves as if it consisted of a =i “on 
roving completely independently, 


d a 
through the othe”, One liquid behaves normally, 
possesses an ordinary yj 


ne: 
3 Scosity, while the other comp? 
Part is Superfluid, ]as5, 
hen helium flows through a slit or overflows a E the 
we observe the effect of Superfluidity. But during | i 
oscillation of a disc submerged in helium, friction f 
troated because it is inevitable in the normal pa 
helium. also 
ity to participate in two distinct motion? per- 
h to Completely Unusual heat-conducting PF al 
ties of helium. As has een already said liquids in oe os 
conduct heat rather Poorly. Helium I also behaves lik E 
ordinary liquid. But when the transformation into ut 
lium II takes Place, its thermal conductivity grows 2 45 
a thousand million-fold. T erefore, helium II cond ue 
heat better than the best ordinary hest conductors, § 
as copper and silver, does 
The fact is that the Superfluid motion of helium hep 
not participate in the heat transfer. Consequently, 


The abj 
gives rise 
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there is a difference in temperature within helium II, 
there arise two currents in opposite directions, and one 
of them—the normal one—carries heat with it. This does 
not at all resemble ordinary thermal conductivity. In 
an ordinary liquid, heat is transferred by means of mo- 
lecular collisions. In helium II, heat flows together with 
the ordinary part of helium—flows like a liquid. Here 
at last the term “heat flow” is fully justified. It is pre- 
Cisely such a method of transferring heat that leads to an 
immense thermal conductivity. oo 

This explanation of the thermal conductivity of he- 
lium may seem so strange that you will refuse to believe 
it. But it is possible to convince oneself first-hand of the 
Validity of what has been said by means of the following 
Conceptually simple experiment. 

In stab with liquid alice there is a Dewar vessel filled 
to the brim with helium. The vessel is connected to the 
tub by means of a capillary branch piece. The helium in- 
Side the vessel is heated by an electric spiral, but heat 
does not pass to the surrounding helium through the walls 
of the vessel, since they do not transmit heat. See the 
end of the capillary tube there is a vane suspende Lon, A 
fine thread. If the heat is flowing like a liquid, it shou 
turn the vane. This is precisely what happens. nig 
the amount of helium in the vessel does not change ow 
can this miraculous phenomenon be explatasdy m oniy 
One way: during heating there arises a current 0 x e: m 
mal part of the liquid from the heated place to e oa, 
and a current of the superfluid part in the oppor e ; 
Tection. The amount of helium at each point a no 
change, but since the normal part of the liquid moves 
together with the heat transfer, the vane turns as a Fa 
pat of the viscous friction of this part and remains de- 

ected as long as heating continues. 

Another canalan ae follows from the fact that su- 
Perfluid motion does not transfer heat. We have spoken 
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rim of 8 
above about the “creeping” of helium oveni ae glass, 
glass. But the superfluid part “climbs eel is connecte 
while the normal part remains there. Hea t accompany 
to only the normal part of helium and does t of the glass: 
the superfluid part which is climbing oat one and the 
Hence, as helium climbs out of the vesse ’ smaller a2 
Same amount of heat will be shared by a s f 


t 
: ining iD * 
smaller amount of helium—the helium ce during 
vessel should warm up. This is actually obs 
experiments. 


P d 
` uid am 
The masses of the helium partaking in sup pot on 
normal motion are not identical. Their ratio the grea n 
the temperature. The lower the temperature, superflui 
the superfluid part. All of the helium sage Wa 
at absolute zero. As the temperature rises, a ally, 2” 
larger part of the helium begins to behave norm becom 
at the temperature of 2.19 K, all of the helium i id. 
normal, acquiring the Properties of an ordinary mind’ 
But the reader alrea y has some questions in w can ê 
hat precisely ig Called superfluid helium, ho two 2% 
Particle of liquid Participate simultaneously in “ singl? 
tions and how can the very fact of two motions 0 obliged 
explained?... Unfortunately, we aT heorY 2 
l ese questions unanswered. The to know 
helium II is too complicated, and it is necessary 
a great deal in order to understand it. 


Plasticity 


«45 for? 

Elasticity is the ability of a body to recover its tt i 

after a force ceased acting on it. If a kilogram We rea of 

hung on a 4-m s ire with a cross-sectiona "is aea 

mm’, the wire will be Stretched. The stretching o obs 

gligible, only 0.5.mm in all, but it is not difticult tbe 
serve. If the load is Temoved, the wire will contrac 
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same 0.5 mm, and so its length will return to its former 
value. Such a deformation is called elastic. 

Let us note that a wire of 1-mm? cross-section under the 
action of a force of 1 kgf and a wire of 4-cm? cross-section 
under the action of a force of 100 kgf are, as one says, under 
the same conditions of mechanical stress. Therefore, the 
behaviour of a material must always be described by 
indicating not the force (which would be pointless if the 
cross-section of a body is unknown), but the stress, i.e. 
the force per unit of area. Ordinary bodies—metals, 
glass, stones—can be stretched elastically by only several 
per cent at best. Rubber possesses outstanding elastic 
properties. Rubber can be stretched elastically by several 
hundred per cent (i.e. made two or three times longer than 
it was originally), and when we let such a rubber band go, 
we see that it returns to its initial state. 

All bodies without exception behave elastically under 
the action of small forces. However, a limit of elasticity 
appears earlier for some bodies and considerably later 
for others. For example, the elastic limit for such soft 
metals as lead has alieady been reached when a load of 
0.2-0.3 kgf is hung on a wire of 1-mm? cross-section. This 
limit is approximately 100 times as great, i.e. about 
25 kgf, for such hard materials as stee’. ugh 

he elastic limit 


With respect to large forces exceeding t t 
the various bodies can be roughly divided into two classes: 


those like glass, i.e. fragile, and those like clay, i.e. 


plastic. fi it will 
If you press a piece of clay with your finger, 1t W 
leave its pak, containing even the intricate wii 
drawn on its skin. If you strike a piece of soft iron or lea 
with a hammer, a clear trace wil be left. There is no 
longer any force, but the deformation remains—it is 


called plastic or permanent. You will not succeed in ob- 
taining such residual effects with glass: if you persist in 
this endeavour, the glass will break. Certain metals and 


12-1179 
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3 ; ail 
alloys, such as cast iron, are just as fragile. An he blows 
will flatten, but a cast iron pot will crack, under : * podies 
of a hammer. One can judge the strength of gegen o 
by the following figures. In order to convert a J about 
cast iron into powder, one must act with a force 0 figure 
50-80 kgf per Square millimetre of surface area. This 
falls to 1.5-3 kgf for a brick. ‘og into 

As for every classification, the division of bot ee 
fragile and plastic is, to a fair degree, relative. = be- 
all, a body which is fragile at a low temperature = erb- 
come plastic at higher temperatures. Glass can be $ d MG a 
ly processed as a plastic material if it is heate etals, 
temperature of several hundred degrees. Soft m iel 
such as lead, can be forged cold, but hard metals paper 
to forging only when burning hot. A rise in T 
ature sharply increases the plasticity of a materia’. made 

he of the essential features of metals, which has dness 
them irreplaceable building materials, is their harént™. 


ures 
at room temperatures and plasticity at high temperat od 
an incandescent metal 

form, but it is 


temperature by means 


th- 
ally deformable bodies to sieni 


nglè crystal of a metal is ve pany 
‘5 


tici 
ter force. It turns out that plast! p- 


r 
I erty of a material, but also à P 
erty of its treatment. 
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Why are instruments made not by casting metals, but 
by forging them? The reason is obvious—a metal subjected 
to forging (or rolling, or drawing) is much stronger than 
cast metal. No matter how much we forge a metal, we 
cannot increase its strength beyond a certain limit, which 
is called the yield stress. For steel it is between 30 and 
50 kgf/mm?. This figure has the following meaning. If 
a one-pood weight (below the yield stress) is hung on a 
wire of 1-mm? cross-section, the wire will begin stretching 
and strengthening simultaneously. The stretching will 
therefore quickly cease—the weight will hang calmly on 
the wire. But if a two- or three-pood weight (above the 
yield stress) is hung on such a wire, the picture will be 
different. The wire will keep stretching until it breaks. 
Let us emphasize once again that the mechanical behav- 
iour of a body is determined not by the force, but by the 
stress. A wire of a cross-section of 100 pm? will yield under 
the action of a load of (30-50) X 10~ kgf, i.e. 3-5 gf. 


Dislocations 


_ Proving that plastic deformat à 
immense significance in engineering practice would be 
forcing an open door. Smith and die forging, rolling sheets, 
drawing wire are all techniques based on the plastic work- 
ing of metals leading to their deformation. |. 

We could understand nothing about plastic deforma- 
tion if we considered the crystallites of which a metal con- 
sists to be ideal fragments of space lattices. a 

The theory of the mechanical properties of an idea! 
crystal was worked out long ago, at the beginning of the 
century. This theory disagrees with experimental data 
about a thousand-fold. If all crystals were ideal, their 
tensile strength would be many orders of magnitude high- 
er than that actually observed. Then plastic deformation 
would require huge forces. 

12% 


ion is a phenomenon of 


Molecules E 


- It was found that an ideal P ot 
lock) has dimensions of the or 


z E 
a centimetre. These blocks iin 


» is that there are places i? 


A S name “extraplane” is derived). 
horizontal dash line in Figure 6.62 divides two blocks- j 
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Figure 6.7 


mpression, and the lower 
I dislocation on the crystal 
is rapidly dissipated as seen in Figure 6.6) which is a 
sort of “top” view of the left-hand drawing 


upper part of the crystal is in co 
part in tension. The effect of the 


Another type of dislocation, frequently found in crys- 
tals, is the screw dislocation. It is illustrated schemati- 
cally in Figure 6.7. Here the lattice is divided into two 
blocks, one of which has slipped, as it seems, by one lattice 
Constant with respect to the other. Maximum distortion 
is concentrated at the vertical axis shown in the diagrams. 

he region adjoining this axis is what is called a screw 


dislocation. 

_. We shall understand the nature of this distortion better 
if we look at the other diagram (Figure 6.76), which illus- 
trates two adjacent atomic planes on the two sides of 
the vertical plane passing through the axis (the one along 
which slip has occurred). With respect to the three-di- 
mensional view, this is a projection showing the plane 
from the right. Here we see the axis of the screw disloca- 
tion, the same as in the other drawing. The atomic plane 
belonging to the right-hand block is shown by full lines; 
that belonging to the left-hand block by dash lines. The 


O 
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n ones. 
black circles are closer to the reader than ari tn is 
It is evident from the drawing that a sA 3 of a linear 
another type of distortion differing from tha The essence 
distortion. There is no extra row of atoms hange their 
of the distortion is that the rows of atoms © “They are 
nearest neighbours near the dislocation axis. eighbours 
bent downwards to align themselves with the n 
located one storey below. , ne that 

Why is this called a screw dislocation? E A your 
you are strolling along the atoms (after zenan to pass 
size to subatomic dimensions) and have decide t if you 
around the dislocation axis. It is obvious t find your- 
start your journey on the lowest plane you will ou wi 
self one Storey higher after each turn. iy ee had 
emerge on the top surface of the crystal, as ney thread 
been climbing winding stairs in a helix like i counter” 
of a screw. In our drawing, the climb is in the peen iD 
clockwise direction. If the slip of the blocks ha 


peer 
the opposite direction, your journey would have 
clockwise. 


astic 
We are now ready to answer the question of how pl : 
deformation takes Place, crystal 

Assume that we want to shift the upper half of a : 
with respect to the lo 


ic distance 
wer one by one interatomic dis Jape 
Evidently, 


when 
t is an entirely different matter V. 


A ation. 
on a crystal containing a disloc 
Figure 6.8 illus 


a 
senp OF 

: $ : in 

¢ Mmear dislocation, consisting > of 
linear void (somethin 


to 
we have given meg cow; 
rs for the spheres Sie e 
me initial moment, t 
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Figure 6.8 


is between rows 2 and 3; the compressed rows v2 ; e 
‘. As soon as the shifting force is erentod, T ] > but 
into the “fissure”; now row 3” can “breathe se peta 
row 7’ will have to squeeze into less space: EA 
pened? The whole dislocation moved to the left, an¢ ation) 
tion continues in the same way until it U ete one 
“emerges” from the crystal. The result isas H O at 
row of atoms, i.e. the same as in the shear of a p 
crystal. is- 
It is evidently unnecessary to prove fiat sheas Dy die 
ocation motion requires much less force. E TA bse 
a perfect crystal we had to overcome the FS ultaneously: 
tween atoms in rolling over all the rows ae toms is in- 
In dislocation shear, only a single row of a 
volved at each instant. i 
Calculations indicate that the strength eng en 
Shear, assuming there are no distopia erved in ex- 
hundred times more than that noses tiber of dis- 
periments. The presence of even a slight nw terial by a 
locations can reduce the strength of the ma 
Substantial factor. : 
The preceding discussion poses a question that a 3 
cleared up. It is evident from the drawing (see Figure 6. 
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e applied force “drives” the dislocation 0 stronge! 
ET This implies that the crystal becom a aain 
and stronger as we increase the degree o ated, the crys- 
Finally, when the last dislocation is elimin se aboot © 
tal should, according to the theory, ers crystal. 
hundred times stronger than a perfect T course of 
The crystal actually is strengthened in The screw dis- 
deformation, but far from a hundred-fold. Th d here the 
locations save the day. It was established ee pecause Í 
reader will just have to take our word eh escrow di 
is so difficult to illustrate with a drawing) tha stal. More- 
locations cannot be easily “driven” out of a Y the aid 
over, shear of the crystal "may take place he ory satis: 
of dislocations of both types. Dislocation t aed along 
factorily explains the features of shear phenom a plastic 
crystal planes. According to up-to-date vie f disorde 
deformation of crystals consists in the motion 0 
along the crystal, 


Hardness 


d wi 
Strength and hardness do not go hand in han 
each other. A rope 


not great, but glass is a hard material. 
he concept of h 


from everyday prac 
etration. A body 
difficult to leave a 


Seem somewhat vague to the reader. We are accusto yet 
physical Concepts being expressed in terms 0: oss? is 
But how can this be done in relation to haran ess UP e 

One rather primitive method, which is — ong t 
ful in practice, has already been employed for 


p 
js take” 
ardness used in technology ! 
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by mineralogists. Ten definite minerals are arranged in a 
series. The first is diamond, followed by corundum, then 
topaz, quartz, feldspar, apatite, fluor-spar, calcite, gyp- 
sum and talc. The series is sorted out in the following 
manner: diamond leaves its mark on all minerals, but 
none of these minerals can scratch diamond. This means 
that diamond is the hardest mineral. The hardness of 
diamond is evaluated by the number 40. Corundum, which 
follows diamond in the series, is harder than all the min- 
erals below it—corundum can scratch them. Corundum is 
assigned the hardness number 9. The numbers 8,7 and 6 
are assigned to topaz, quartz and feldspar, respectively, 
on the same grounds. Each of them is harder than (i.e. 
can scratch) all the minerals below it, and softer than 
(can itself be scratched by) the minerals having greater 
hardness numbers. The softest mineral, talc, has hard- 


ness number 1. ; ; 
A “measurement” (this word must be taken in quotation 
marks) of hardness with the aid of this scale consists in 


finding the place for the mineral of interest to us in a 
‘ Sete dards. If the unknown 


Series containing the ten chosen stan 1 
mineral can be scratched by quartz, but leaves its mark on 
feldspar, its hardness is equal to 6.5. = 
Metallurgists use a different method for determining 
hardness, A dent is made on the material being tested by 
pressing a steel ball 1 cm in diameter against it with a 
standard force (ordinarily 3000 kef). The radius of the 
small pit so formed is taken as the hardness number. | 
Hardness with respect to scratching and hardness with 
respect to pressing do not necessarily correspond, and one 
material may prove to be harder than another when teste 
by scratching but softer when tested by pressing- 
Consequently, there is no universal concept of hardness 
independent of the method of measurement. The concept 
of hardness is a technological and not a physical con- 


cept. 
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Sound Vibrations and Waves 


i mation 

We have already given the reader a lot a aaar spring 

about oscillations. How a pendulum and a bai oscillation 
oscillate and what Tegularities there are in the 


t 
: bt tha 
located in it performs oscillations. There is no dou 
the medium cannot re 


oscillating object pus 
ticles from the positi 
located. It is also ob 
the influence on onl 
will push the nearest la 
the next one, and so ] 
ticle, all of the su 


d vi 
which sound vibrations are hear 
be discussed below. 
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as we recall, takes place in accordance with the sinusoidal 
law. Such an oscillation is characterized by the maximum 
displacement of a particle from its equilibrium position 
(amplitude) and the period of the oscillation, i.e. the 
time required to perform a complete oscillation. 

The concept of the frequency of vibration is used more 
often than that of the period for describing the properties 
of sound vibrations. The frequency v = 1/T is the recip- 
rocal of the period. The unit of frequency is the inverse 
second (s-4). If the frequency of vibration is equal to 
100 s-!, this means that during one second a particle of 
air performs 100 complete vibrations. Since in physics we 
must deal rather often with frequencies which are many 
times greater than a hertz, the units kilohertz and mee 
are widely applied; 1 kHz = 10° Hz, 1 MHz = a z. 

The speed of a vibrating particle is maximum y en it 
is passing through its equilibrium position. Ont a oni 
trary, in positions of maximum displacement, e p : 
of a particle is, naturally, equal to zero. We havo Pory 
said that if the displacement of a particle is subjec A F 
law of harmonic oscillation, the change in its Toeg 
vibration obeys the same law. If we denote the maxi a 
value (amplitude) of the displacement by So, Ta d 
Speed by vo, then Vo = 2289/7’, OT Vo = Dnne ai an am- 
versation brings air particles into vibration wl | A he 
plitude of only several millionths of a — ee ot 
by gna value of the speed will be of the o 

02 cm/s. . : 

Another important physical quantity va ogo Peel 
with the displacement and speed of a particle i bretton 
pressure, also called the sound pressure. A gonne vie T 
of air consists in a periodic alternation of comp soe 
rarefaction at each point in the medium. at i 
at any place is now higher, now lower tha, ne p parare 
which would be there in the absence of sound. TA is 
(or insufficiency) of pressure is just what is ca 
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Figure 6.9 
aa. 108 
jon 
sound pressure. Sound pressure is a small fract 


ion 

rsatlo; 
standard atmospheric pressure. For a loud conve 5 
the sound pressur 


rox 

e amplitude will be equal to aPE ound 
mately one-millionth of the atmospheric pressure, vibra 
pressure is directly proportional to the speed of ] quant 
tion of a particle, where the ratio of these physica Ea ro 
ties depends only on the properties of the mediu spo 
example, a speed of vibration of 0.025 cm/s corre 
to a sound pressure in air of 1 dyn/cm?. idal Jaw 

A string vibrating in accordance with a sinuso os 3 
brings air particles into harmonic oscillation. No Jicated 
musical sounds lead to a considerably more SA sound 
picture. A graph of sound vibrations, namely of ea 6.9. 
Pressure as a function of time, is shown in Fig ave. Jt 
This curve bears little resemblance to a sine W 


d 
icate' 
turns out, however, that any arbitrarily comp osing 
vibration can be Tepresented as the result of sup® ude’ 
a large number of sine waves with different amp g is 
and frequencies. These simple vibrations make ek ast 
said, the spectrum of the complex vibration. suscep? 
perposition of vibrations is shown for a simple 

in Figure 6.40. 
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Figure 6.10 


If sound were propagated instantaneously, all the air 


particles would vibrate in unison. But near 
agated instantaneously, and the op eo bekei ag Rg 
the lines of propagation are oe pe need 
PN tie Se gsi Ae ipa the water until 
exactly the same way, a chip lies calmly on OS ans 
the circular waves from a gebbo thrown 
catch it up and make it vibrate. : hf Se. 
Let us tonii our attention to a oe AE ie 
"icp anl compare its beneta bee a ropagation. An 
particles lying on the same line of soun eee n 
adjacent particle will start vibrating i oaeoi 
next particle still later. The delay wi e bebind. By B 
until we meet a particle which is lappa es one, ha 
whole period and is therefore vibrating 1 eine tiles 
initial particle. So an unsuccessful runner, 


ish 
behind the leader by an entire lap, can Cross the finis 
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Figure 6.14 Figure 6.12 


line simultaneously with the leader. But at what distany 
will we meet the point which is vibrating in time a 
the initial particle? It is not hard to see that this ne of 
A is equal to the product of the speed of Prop aa 


sound c by the period of vibration 7. The distanc? 
is called the wavelength: 


V=cf 


We will find points vibrating in time after interv iv 
length A. Points separated by a liena of M will ma 
relative to each other like an object vibrating perpen 
ularly to a mirror moves with respect to its image: res” 
If we depict the displacement (or speed, OF sound of ê 
sure) of all the points lying on a line of propagatso 
harmonic sound, then a sine wave is again optaing ould 
The graphs of the wave motion and the vibration et woe? 


not be confused. There i mblance 

Figures 6.11 and 6.12, gi ee is plotted ^ he 
the horizontal axis in the former, while the time yibsa~ 
latter. One figure represents the development of thé oP ” 
tion in time, and the other an instantaneous “ hotog thes? 
of the wave. It is evident from the comparison ° 


pals of 
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two graphs that the wavelength may also be called i 
spatial period: the i ‘aa 
ast siege a Lo ee A plays the same role in space 
na graph of a sound wave, the displacements of 
particle are plotted along the vertical ts and the kone 
izontal axis is the direction of the propagation of the 
wave along which the distance is marked off. This might 
Suggest the false idea that the particles are displaced per- 
pendicularly to the direction of the propagation of the 
poets In reality, air particles always vibrate along the 
irection of the propagation of the sound. Such a wave is 
called longitudinal. 
ne speed of light is incomparably greater than that 
of sound; light is propagated practically instantaneously. 
Thunder and lightning occur at the same instant; we see 
a flash of lightning practically at the instant of discharge, 


but the sound of thunder reaches us at a speed of approx- 
imately one kilometre in three seconds (the speed of 
hen we hear the thunder, 


sound in air is 330 m/s). Hence, w 
there is no longer any danger in being struck by that par- 
ticular bolt of lightning. 

n of sound, we can 


Knowing the speed of the propagatio 
far away a thunderstorm is raging. 


m the moment of the flash 
] of thunder, the storm is 


therefore 4 kilometres away- ; 
The speed of sound in gases is approximately equal to 
i ir molecules. It 


bsolute tempera d 
propagate sound faster than gases. Sound is propagated in 
i.e. 4.5 times as fast as in 


air. The speed of sound in solids is even greater; for exam- 


ple, it is about 6000 m/s in iron. 
When sound passes from one medium to another, the 
speed of its propagation changes. But another interesting 
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jal 
phenomenon also occurs simultaneously—the Sages 
reflection of sound from the boundary between th ly on 
media. The fraction of sound reflected depends main Sing 
the ratio of the densities. In the case when auni pr or 
through air is incident upon a solid or liquid sur Imos 
vice versa, from dense media into air, the sound > pa wa- 
completely reflected. When sound passes from air andl 
ter or, conversely, from water to air, only one-thous edia 
of the sound passes into the latter medium. If both elle j 
are dense, the ratio between the transmitted and the re wi 
ed sound can be small. For example, 13% of the soun vie 
pass from water into steel or from steel into waters 
87% will be reflected. igation 
The reflection of sound is widely applied in naviga ths, 
The construction of an instrument for measuring aor is 
the sonic depth finder, is based on it. A source of soun 


‘ 3): 
placed under water on one side of a ship (Figure a 
A discontinuo 


$ ill 
us sound creates sound rays, which tom 
make their way through the watery thickness to the pa ro” 
of the sea or river, be reflected from the bottom an will 
turn in part to the ship, where sensitive instruments $ pe 
catch them. Accurate clocks will show how much di 
the sound needs for this journey. The speed of po in- 
water is known, and it is possible to obtain prec igula- 
formation about the depth by means of a simple © 
tion. 0 
By aiming the sound forward or sideways inste or 
downwards, it is possible to determine with its aid W 
or not there 


dice 
are dangerous reefs or deeply submerge 
bergs near the ship. 


i dy 

All the particles of air surrounding a vibrating Papst 

are in a state of vibration. As we explained in t the si- 

book, a mass point vibrating in accordance with nergy" 

nusoidal law possesses a definite and constant total librium 

When a vibrating point passes through its e cement 
position, its speed is maximum. Since the displ® 
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| 


Figure 6.13 

fk ire 
of the point is equal to zero at this instant, the enti 
energy is kinetic: 


a 
E= max 


i i the 
Consequently, the total energy 1S proportional to 


square of the amplitude of ? pon Sind sound 
This is also true for particrenar is something indefinite. 


wave. However, a particle 0: r an 
Therefore, sound energy is given per unit t solane Tor 
magnitude can be called the density 0 


Since the mass of a unit of volume is the density p, 
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the density of sound energy 


2 
O°max 


2 


Above we have spoken about another important Prva 
ical quantity which vibrates according to the sinus? 
law with the same frequency as the speed. This 1 a 
sound, or excess, pressure. Since these quantities ro- 
proportional, we can say that the energy density 1$ Pal 
portional to the square of the amplitude of sound prere aa 

The maximum value of the speed of sound vibra en- 
for loud conversation is equal to 0.02 cm/s. One cubic © y 
timetre of air weighs about 0.004 g. Therefore, the energ 
density is equal to 


4 -3 3 
T X10 x 0.022erg/cm? = 2 x 10-7 erg/cm? 


; jatin 
Suppose that a source is emitting sound. It is radia 


t l h the 
sound energy in the surrounding air. It is as thous ring 


energy were “flowing” from the vibrating body- c 
a second, a definite amount of energy flows through op of 
area element, which is perpendicular to the dime Tiod the 
the propagation of the sound. This quantity is 03 


1 pores 
energy flux passing through the area element. Further e 


if we take an area element of 4 cm?, the amount ofe j the 
which has passed t 


hrough it is called the intensity ° 
sound wave. 


It is not difficult to see that the intensity Z 0 
equal to the product of the energy density w by t; bt 
of sound c. Imagine a smal] cylinder of 1-cm beig o the 
1-cm? base area whose generatrices are parallel t° gp- 
direction of propagation of a sound. The energy “uring 
tained in such a cylinder will completely leave it will 
a time of 1/c. Therefore, an energy of w/(1/c), i-e- slit is 
pass through a unit of area during a unit of time 


f s0 und is 


eed 
the SP nd 
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as though the energy were moving with the speed of 
sound. 

During a loud conversation, the intensity of the sound 
near the talkers will be approximately equal to (we are 
making use of the number obtained above) 


2 x 10-7 x 3 x 10!= 0.006 erg/em?-s 


Audible and Inaudible Pitches 


But what sounds can be perceived by the human ear? 
It turns out that the ear is capable of perceiving only the 
vibrations lying within the interval from approximately 
20 to 20 000 Hz. Sounds with a arge frequency are a e 
high-pitched, and those with a small frequency 10w- 


pitched. we 
B a correspond to the limiting au- 
a kide eae dof sound is approximate- 


dible frequencies? Since the spee = ch 
ly equal to 300 m/s, using the formula 4 = 0T = a, 
we fad that the lengths of audible pitches reed 
to wavelengths that lie within the limits of 15 m 

lowest tones to 3 cm for he dane 

And how do we “hear” these vibrations! 

The way the organ of hearing functions has atch a ad 
been fully clarified. The crux of the matter is tres long 
internal ear (the cochlea, a canal of few ear nee 
and filled with fluid) contains several Sone wenscatited 
nerves capable of perceiving sound hy dagen anic mem- 
to the cochlea from the air through the tymp restrongly 
brane. This or that part of the cochlea vibrates Mo che aon 
depending on the frequency of sound. Altho — that 
sory nerves are situated along the cong « ]taneously 
a large number of them are stimulated rok childhood. 
man (and animals) is capable, particular y in ase 
of distinguishing minute changes m ST t how this 
of a fraction). It is still not known precisely Jus s 


13+ 
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x the 
occurs. The only obvious fact is that the analysis Dy 
brain of the stimuli arriving from many differ del of the 
is of utmost importance here. A mechanical o capable 0 
same design as the human ear that could be et to be 
discerning sound frequencies just as well has y i 
invented. : eyon! 

A sound frequency of 20 000 Hz is the vale Ped 
which the human ear does not perceive the i vibra- 
vibrations of a medium. It is possible to crea rson Wi 
tions of a higher frequency in various ways; a pe Inciden- 
not hear them, but instruments can record them. s. Many 
tally, not only instruments record such ieee’ seen, 
animals—pats, bees, whales and dolphins (as am peing)— 
it isn’t a question of the dimensions of a living s with 
are capable of Perceiving mechanical vibration 
frequencies up to 100 000 Hz. uencies 

© are now able to obtain vibrations with fro T hough 
up to a thousand million hertz. Such vibrations, a nic 12 
of inaudible pitch, are called ultrasonic or sup tog t 
order to affirm their affinity to sound. Supersounes gart? 
highest frequencies are obtained with the aid of atthe 
plates. Such plates are cut out of monocrystals of q 
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Chemical Reactions 


_ Physics is the foundation of all natural sciences. It 
is therefore absolutely impossible to separate physics from 
chemistry, geology, meteorology, biology and all the other 
branches of science. The basic laws of nature come under 
the topic of physics. It is no mere chance then that books 
have been written on geological physics, biological phys- 


ics, chemical physics, construction physics, etc. Hence, 
we find it appropriate to devote a section to chemical 
reactions in this book which deals with the basic laws of 


nature. 
_ Strictly speaking, chemistry begins where a molecule 
is broken down into its component parts, or when a single 
molecule is formed of two others, or when two colliding 
Molecules are converted into two other molecules. If 
we find that from the beginning to the end of a phenome- 
Non a change has occurred in the chemical composition of 
the bodies involved, then a reaction has taken place. 
Chemical reactions can occur “on their own”, i.e. due 
to the motions of the molecules at the given temperature. 
Hence, we often say that a substance decomposes. This 
means that the internal vibrations of the atoms in the 


Molecules rupture the bonds between the atoms and the 


molecule “falls apart”. 
A chemical reaction is most often the result of encoun- 
ts. This is a chemical 


ters between molecules. A metal rus 
Teaction; an atom of the metal encounters a molecule of 
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ate acid and 
water, and an oxide is formed. A pinch of citric *Gubbles 
a spoon of soda are mixed into a glass of wame of these 
of gas begin to evolve vigorously. The encounte ation 0 
two kinds of molecules has resulted in the form pubbles 
new substances, including carbon dioxide whose 
rise to the surface and burst. ules and 
Hence, spontaneous disintegration of molec actions: 
collision of molecules are two causes of chemical re uses a8 
But chemical reactions may be due to other ca 


è lothes 
well. You are vexed when you examine the suit of ¢ 
that you took alon; 


ical. 
eactions induced by light are said to be photochem 
Investigations in th 


ully 
is field must be especially er to 
Conducted to istinguish heat-induced Hees ener- 
heat generated by light (which increases the kineti 
gy of motion 


‘ psorp” 
ty tay proceed either with the abs? 
tion of heat or with i 
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combustion and explosion, which we are to discuss in 
the next section. 

Next we shall consider the reaction rate from the molec- 
ular point of view, i.e. at the molecular level. Just about 
everyone knows that some reactions are completed faster 
than you can blink an eye (say, explosions), while others 
take years. Assume that we are again concerned with 
reactions in which two molecules collide and form two 
other molecules. The following assumption is evidently 
true. Of significance, in the first place, is collision energy 
of an amount sufficient to break up the molecules and to 
rearrange them. Also important, in the second place, is 
whether the reaction proceeds regardless of the angle at 
which the molecules meet in collision or whether they 
must meet at certain angles. 

The minimum energy required to implement a reac- 
tion is called the activation energy. It plays the chief role 
in the course of the reaction, but we must give its due to 
a second factor as well—the percentage of “lucky” colli- 
sions of particles having a given energy. 

A heat-producing chemical reaction can be modelled 
as shown in Figure 7.1. The ball rolls uphill, over the 
barrier and drops down. Since the initial energy level 
7 higher than the final one, more energy is produced than 

as been expended. A 

This mecha moal model visually illustrates the critical 
dependence of the reaction rate on the temperature. If 
the temperature is low, the “speed” of the ball is insuffi- 
cient to surmount the barrier. As the temperature increas- 
es, the number of balls leaping over the barrier increases 
faster and faster. The rate of chemical reactions depends 
to an exceptionally great extent on the temperature. As 
a rule, a temperature increase of 10 degrees- speeds up 
a reaction from two- to four-fold. If the reaction rate is, 
Say, tripled when we raise the temperature 10 degrees, 
then a temperature increase of 100 degrees leads to a rate 
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ACTIVATION 


RELEASED 
ENERGY 


Figure 7.4 | 

0 = 
increase of 310 ~ ely 
24x 10, and5 


K é ding 
10 times. No wonder then that a reaction procee® jj 


at a normal rate at 500°C does not take place @ 
at room temperature. 


2! 
60000 times, 200 degrees to 3 
00 degrees to 350, i.e, approx 


Combustion and Explosion 


. i x 
For combustion to begin, it is necessary, aS object: 
known, to bring a burning match to an inflammable ust 
But neither does a match light up by itself; it T at 2 


gary’ 
ces the 


the 
; r 

ating should be sufficient patorred 
Teaction to exceed that tra gi 


D pusti 
one says, ignition point. pret he 
itial temperature is higher 
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ignition point. For example, the ignition point of wood 
00 °C, of white phosphorus 


50 °C. 
a chemical reac- 
ith the oxygen of the air. 


tive slowness of such combusti 
convince oneself in practice of 
have said. If fuel is broken up into small pieces, the rate 
of combustion may be considerably increased. This is 
why the crushing of coal is carried out in furnaces. 
Fuel fed to the cylinder of an internal-combustion en- 
gine is broken down and mixed with air in exactly the 
same way. More complex substances than coal are used 
for engine fuel, for instance, gasoline. A molecule of such 
a substance is shown in Figure 7.2 at the left. It consists 


the validity of what we 
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of 8 carbon atoms and 48 hydrogen atoms bonded together 
s molecule is subject to Me up 
sions from oxygen molecules. These collisions brea two 
the gasoline molecules. The forces that join one show 
n atom in a molecule, and t cles 
ms to make up an oxygen mists 
he stronger “affinity”, as chem 


n (it is called a detonating gas) gal 
e surface but within the substan, 


. m 
l which the pressure rises aa e 
ace, i bs 

it explodes. eas OES et 


Thus, an explosive sho ie eo atoms 
uld it the 
or molecules needed fo Contain within e 


t 
gas mixtures. There also i 


shown in Figure 7.3—the splittin, 


g up of a nitrogl 
molecule into its parts. As is eyj 


dent from the right-h® 
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Figure 7.3 


Part of the diagram, molecules of carbon dioxide, water 
e original molecule. We 


a nitrogen are formed out of th 
the ordinary combustion products among the end 


products, but combustion has occurred without the par- 
from the air; all atoms 


hoe pation of oxygen molecules e al 
as ssary for the combustion are contained within the 
toglycerine molecule. 
ated through an explosive, 
When we set fire to an 
A reaction occurs in 
th i liberated in the course of 
e reaction, and passes in cent layers of the 
s heat is sufficient 


transfer. Thi 
Jace in the neighbouring layer, 


bier New amounts of the heat being liberated enter the 
Sarg layers of the detonating gas, and so with the rate of 
eat transfer the reaction spreads throughout the entire 


substance. The rate of such a transfer is of the order of 
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es 
since a different kind of explosion, hundreds of tim 
faster than the one described 


52 
A shock wave gives rise to a fast explosion. If the hock 
shock 
wave leads to a considerable i i per 


the 
n explosive reaction, a? 
n pressure and maintal 
ity would otherwise ła 


slow” explosion. 

“anig o tances explode “slowly” an 
explode “rapidly”? The question should not be P 
in this fashion: one 


a which 
ose 
lode 


tain cases. 


Some substances, for example, nitrogen iodide, e¥ ras 
on contact with a straw, on being slightly heated oTo 
a result of a flash of light, An explosive substance shot 
trotyl does not explode when it is dropped or ayen © jor 


out of a rifle. A powerful shock wave is required in 
to explode it. 


plode 
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i There exist substances even less sensitive to external 
influences. The fertilizing mixture of ammonium nitrate 
and ammonium sulfate had not been considered to be 
explosive until a tragic accident occurred in 1921 at a 
chemical factory in Oppau, Germany. An explosive meth- 
od was used there for pulverizing mixtures which had 
become caked. As a result, a warehouse and the entire 
factory were blown up. The engineers at the factory could 
not be blamed for the catastrophe: approximately twen- 
ty thousand blasts had proceeded normally, and only once 
aa the conditions favourable for detonation been creat- 
Substances which explode only when subjected to a 
shóck wave but exist in a stable state and are not even 
afraid of fire under ordinary conditions are quite conve- 
nient for explosion technology- Such substances can be 
manufactured and stored in large amounts. However, in 
order to bring these inert explosives into action, initia- 
tors of the explosion are needed. Such initiating explo- 
sives are absolutely necessary as Sources of shock waves. 
Mercury fulminate can serve as an example of initia- 
tors. If a grain of it is placed on a sheet of tin and lighted, 
an explosion takes place, making a hole in the tin. An 
explosion of such a substance under any conditions 1s a 
etonation, 
If a bit of mercury fulminate is placed on the charge of 
a secondary explosive and lighted, the explosion ie the 
initiator creates a shock wave which Is enough to cA 
nate the secondary explosive. Explosions are Prove in 
Practice with the aid of a detonating rae Sai 


of an initiator). The capsule can be ignite 2 : 
for example, a the Prd of a long cord (Bickford fuse); 


me shock wave coming from the capsule will blow up 
© secondary explosive. 

In a number of cases aris nology, wenn 
contend with detonations. “S 


ing in tech 
low explosions” of a 
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a nder ordi- 
of gasoline and air occur in the motor of y% n O also 
nary conditions. However, sometimes as tely unaccept 
arises. Shock waves in a motor are absolu è AN soon pu 
able as a systematic phenomenon, since they ¥ 


is- 
: f comm 
the walls of the cylinders of the motor out 0 

sion. 


In order to co 
essary to eithe 
tane number or 
stances, antikno 


s itis neo 
pe with detonations in engines, a ot- 
T use a special gasoline with ka cial sub 

else mix the gasoline with Spe ava da 

cks, which do not let a shock S tetra- 
le most widespread Cote ‘and 50 
). This substance is highly v on using 
ned of the need to be careful wh 


Cannons mu 
tions. Shock 


commission, 


Engines Operated by Transformations of Molecules 


In 


fe 
a 
ing the energy of a strea 


r 
onve’ 
Station, the process of ¢ op 
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Steam engines have become things of the past. A steam 
locomotive is fast becoming a rarity to be exhibited in 
museums. This has occurred because the efficiency of a 
heat engine is much too low. 

This does not imply that steam turbines have become 
obsolete. But there as well the conversion of the energy 
of expanding steam into mechanical motion of the rotor 
is only an intermediate stage. The final stage is the pro- 
duction of electrical power. 

As to aircraft and automobiles, there is obviously no 
point in powering them with a steam boiler or steam tur- 
bine. The total weight of the engine and heating device 
Proves too great when calculated ona kilograms per horse 


power basis. 

We can, however, eliminate the separate heating plant. 
In a gas turbine, the immediate working fluid consists 
of the incandescent combustion products of a high-ener- 
gy fuel. In such engines, we use chemical reactions, i.e. 


transformations of molecules, to roduce mechanical 
e significant ad- 


energy. This is what determines both th 
vantages of gas turbines over the steam-powered type, 
and the great design and manufacturing difficulties that 
have to be overcome to ensure their reliable perfor- 
mance. 

The advantages are obvious: the combustion chamber, 
where the fuel is burned, has @ small size and can be 
placed under the casing of the turbine. The components of 
Combustion consisting, for example, of atomized kero- 
sene and oxygen have a temperature unattainable for 
steam. The heat flow formed in the combustion chamber 
n a gas turbine is very intense, which makes it possible 
© obtain a high efficiency. p 

But these pP ar tents turn into shortcomings. The steel 
blades of the turbine function in streams of gas having 
a temperature up to 1200 °C and inevitably saturated 
with microscopic ash particles. It is easy to imagine 
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jals 
what great demands have to be made of the mater 
out of which gas turbines are manufactured. -ne with 8 
uring an attempt to construct a gas turbine m nec- 
power of about 200 hp for an automobile, it hen tur- 
essary to deal with quite a peculiar difficulty: 1 engi- 
bine was of such small dimensions that the usua imply 
neering solutions and the customary materials Eriol- 
could not be used. However, the technological obi es 
ties are already being overcome. The first autoi built, 
powered by gas turbines have been designed an 
but it is difficult to foresee their future. an rail- 
It turned out easier to utilize the gas turbine 1P tur- 
way transport. Locomotives with gas turbines, 84 


bine locomotives, have already received universa 
ognition. 


But entirely different engines in which the gas {paved 
ough necessary component part pê’ 


A dina 
n products, having an extraord g 
great speed (3000 m/s g 


of combustion pr 
away from the engine, «od the 
With the creation of jet engines, people receive etary 
tealistic opportunity of carrying out interplaD 
flights. 
Liquid propellant roc 


ver 
ket engines have become `Je: 
widespread. Definite portions of a fuel (for exam Pg) 


os ge 
ethyl alcohol) and an oxidizer (usually liquid m ab 
are injected into the combustion chamber of § 
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engine. The mixture burns, creating traction. In high- 
altitude rockets, such as the V-2, the traction is of the 
order of 15 tonf. The figures are sufficiently eloquent: 
pa tons of fuel and oxidizer which take 1.5 minutes to 
urn up are poured into the rocket. The use of liquid pro- 
pellant rocket engines is only expedient for flights at 
great heights or beyond the Earth’s atmosphere. It makes 
no sense to pour large amounts of a special oxidizer into 
an aircraft destined for flights in the lower layers of the 
atmosphere (up to 20 km), where there is enough oxygen. 
But then the problem arises of forcing huge amounts of 
air necessary for intensive burning into the combustion 
chamber. This problem is solved in a natural fashion: 
part of the energy of the gas stream created in the com- 
bustion chamber is taken away to rotate the powerful 
compressor forcing air into the chamber. 

We have already said what engine can do work at the 
expense of the energy of a stream of incandescent gases; 
of course, this is the gas turbine. The whole system is 
called a turbojet engine (Figure 7.4). A turbojet engine has 
no competitor for flights with speeds from 800 to 1200 km/h. 

For long-distance flights with speeds of 600-800 km/h 
an ordinary aircraft propeller is added to the shaft of a 
turbojet engine. This is a turboprop engine. y 

At flying speeds of about 2000 km/h or more, the air 


pressure developed by the aircraft is so great that the 
ger arises. It is then only nat- 


need for a compressor no lon, r 
ural that neither is a gas turbine needed. The engine 
is converted into a pipe of variable cross-section, 1n 
which fuel is burned at a very definite place. This is a 
ramjet engine. It is clear that a ramjet engine cannot lift 
an aircraft off the ground: it becgmes capable of function- 
ing only at very high flying speeds. 3 

Jet cle i rie Panels inexpedient for flights at 
small speeds owing to the large expenditures of fuel. 

For motion on land, on water or in air with speeds from 
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Figure 7.4 


or 
ed 
} 

the 03, 
 gok-and 

rotary 
g and 


ine 
Q to 500 km/h, people are reliably served by gasont 
diesel inte.nal-combustion piston engines. As M 
by the name, the main part of such an engine} 
inder inside which the piston can move. The b 
forth motion of the piston is transformed into 3 o 
motion of the shaft with the aid of the connecting " 
crank system (Figure 5); the co” 
The motion of the piston is transmitted through afl. 
necting rod to the crank, which is part of the craD® aop 
The motion of the crank sets the shaft into rotation: | th? 
versely, if the crankshaft is turned, this will mon sid? 
connecting rods and a displacement of the pistons 
the cylinders will set in. ith tW? 
The cylinder of a gasoline engine is equipped Tel is 
valves, one of which is meant for the inlet of the ast 7 
ture, and the other for the exhaust of waste a sib 
order to start the engine, we must turn it ove!» 
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Figure 7.5 


e. Assume that at a cer- 
ng down and the inlet 
ized gasoline and air is 


the energy of some outside source 
val moment the piston is mov} 
bie is open. A mixture of atom ) 
hy ed into the cylinder. The inlet valve is connected to 

e shaft of the engine in such a way that it closes at the 
moment when the piston reaches its lowest position. As 
the shaft continues to turn, the piston starts coming up. 
The automatic drive of the valves keeps then closed dur- 
ing this stroke, and the fuel mixture is therefore compres- 


sed. When the piston reaches its highest position, the 
ctric spark, which 


Compressed mixture is ignited by an ele 
jumps between the electrodes of the spark plug. The 
mixture ignites and the expanding combustion products 
act, pushing the piston down. The engine shaft receives a 
powerful thrust, and the flywheel on the shaft stores 


Considerable kinetic energy- ll of the next three pre- 
d at the expense of this energy: 


liminary strokes procee 
rst the exhaust, when the exhaust valve is open and the 
piston is moving up, driving the exhaust out of the cyl- 


14* 
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read 

inder, next the intake and compression that we A 
know about, then a new ignition. The engine s : horse- 

Gasoline engines have powers from fractions o 5 weil 
Power to 4000 hp, an efficiency of up to 40% T utiliza- 
up to 300 gf per horsepower. Their widesprea suc 
tion in automobiles and aircrafts is explained by 
good showing. 

How might we increase the efficiency of a g 


engine? The major means is by raising the degree 0. 
pression. 


fore 
If the fuel mixture is more highly compressed Þe‘; 


is 
ignition, it will have a higher temperature. And bla 
it of advantage to raise į coh, e ef 


of 


asoline 
f cow 


i us and uninteresting, and we m just 

nces we have asked our readers \ iont 
take our word for various statements. Since the am? je- 
temperature, j e temperature of the surroun pake 
dium, is something we cannot do much about, We pody 
every effort to raise the temperature of the working t- 
as high as is feasible. B 


a highly compressed 


1e gasoline, and this would fi ur 
ai fuel that is already quite 
ive. 


; ing H 

The ‘problems of raising the temperature during ing 
working stroke, of eliminating detonation and radi the 
the cost of the fuel have been successfully solved } 
diesel engine. 


t 

re? 

A diesel engine resembles a gasoline engine to a ol? 
extent in its construction, but is designed for Pt 
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of oil distillation which are cheaper than and inferior 
in quality to gasoline. 

The cycle begins with the admission of pure air into 
the cylinder. The air is then compressed by the piston to 
approximately 20 atm. It would be very difficult to achieve 
such a high compression by turning over the engine by 
hand. Therefore, diesel engines are started with a special 
starting motor, usually a gasoline one, or by compressed 

ir. 

When highly compressed, the temperature of the airin 
a cylinder rises so much that it becomes sufficient for the 
fuel mixture to ignite. But how can it be admitted into 
the cylinder, where a high pressure has been attained? 


An inlet valve would not be suitable here. It is replaced 
cylinder through 


by a sprayer which forces the fuel into the 
a tiny opening. It ignites as it enters, eliminating the 
danger of a detonation considerable for a gasoline engine. 
Eliminating the danger of a detonation permits us to 
construct slow diesels with many thousands of horsepow- 
ers. Naturally, they acquire quite considerable dimen- 
Stons, but remain more compact than an aggregate consist- 
ing of a steam boiler and a turbine. 
A ship in which there are direct-current generator and 
motor between a diesel engine and a blade is called a 


diesel-electric motor ship. ; 
Diesel locomotives, now being widely introduced on 

railroads, are built along the same lines; they may in 

a sense be called diesel-electric locomotives. 
Internal-combustion piston engines, considered last 

by us, have borrowed their basic constructive elements— 

the cylinder, the piston, the connecting rod a Lie 

—fro 


mechanism which helps obtain rotary motion 


Steam engine, now gradually leaving the scene. The steam 
lled an “external-combustion 


engine could have been ca 1 nal-c¢ Ae 
Piston engine”. It is precisely this combination 0 the 
unwieldy steam boiler with the no less unwieldy system 
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e that 
of transforming translatory motion into ay eee 
deprives the steam engine of the possibility o 
fully competing with more modern engines. pout 10%: 

odern steam engines have an efficiency of a oductio? 
The locomotives which have been taken out of Pigh 
released up to 95% of the fuel they burned thr 
smoke-stack to no advantage. — 
This “record-breaking” low efficiency is e 
by the inevitable deterioration in the properties 0 5 
boiler designed for installation on locomotive a 


pared to a stationary steam ‘boiler. 
But wh 


idely ip 
y Were steam engines employed so wie 
transportați ha long time? Besides adheri 2 
» the circumstance that a oe play 
TY good tractive characteristic aE Joa 
the force with which 


Jained 
stead 
com" 


transportation. But, of course, ste 
that the steam engine does not need a complicated sy: in 
of variable transmissj A 


by othe plains the supp. anting of the steam en 
engines, 


8. Laws of Thermodynamics 


Conservation of 
Ener 
at the Molecular Lever” 


ac of thermodynamics belong to the basic laws 
thom na There are not many such laws. You can count 
Th the fingers of one hand. 
rs e chief aim of science, including physics, of course 
the gn for the rules, regularities, general Jaws and 
with a laws that govern nature. This search begins 
that all servations or experiments. That is why we say 
tal of our knowledge is of an empirical or experimen- 
by nature. Investigations and observations are followed 
frost search for generalization. Persistent brain work, 
md ii ation, calculations and inspiration enable us to 
aen aws of nature. Next comes the third stage: from the 
a eral laws, we derive, in a strictly logical manner, the 
suing effects and special laws that can be checked by 


experiments. This, by the way, is what the explanation 
f. To explain means to corre- 


A . eral law. 
cherished goal of science has been, of course, suc- 
minimum number 


o postulates. Physicists tirelessly 
unities; they seek to express the whole sum of knowledge 


eee of gravitational and e 
‘uture will show whether or not this proves possible. 
What, then, are these laws of t 
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t inat- 
brief a difinition must necessarily be ee clos- 
curate. Maybe we approach the essence oft +s a study 0 
est of all if we contend that thermodynamics l o energy: 
the rules according to which bodies —— strictly 
The laws of thermodynamics enable us to thy 
logical relations : to es 
therin] and mechanical properties of bodies, and 
tablish a number of vital 


ecise 
change of state of bodies. Perhaps, the most pr 


out 
inition of the branch of is 


d 


d in 4 
The first law of thermodynamics was formulate 


hys- 
$ ; n bs 
Concise and expressive form back in the time ei fe 

icists preferred not to mention molecules. Suc pody) 
lation (which does not 


aoe 
require us to “get inside referring 
is said to be phenomenological, i.e. one simply ics CoP” 

the phenomena. The first law of thersion ee energ! 
stitutes a certain refinement and expansion of the 
conservation law, 


e have establish, 
tential energi 4 


ee d p° 
ed that a body has kinetic an of 


g or cooling surrounding bodies Mari 
body is stopped by friction, its kinetic energy WOU js wi 
on the face of it, to be lost. This first impression ye 
leading, however. Ac 


: eat t 
ody has been utilized to h eC 
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hee tenotomi into kinetic energy of molecules. 
ETE oe = enough, but Khan happens when we 
ihe thema ortar with a pestle? We keep pounding and 
gee ometer reading remains at zero all the time. 
vanari seem that the mechanical energy we exert has 
And n . If not, what has happened to it? Again, we 
This. Clear answer: the ice has been converted into water. 
hc means that the mechanical energy was expended in 
es uring the bonds between the molecules, and their 
th ernal energy has been changed. Each time we observe 

at the mechanical energy of a body has disappeared, we 
readily discover that this only seems to be so, and that 
actually mechanical energy has been converted into the 
Internal energy of the bodies being observed. 

In a closed system, certain bodies can lose and others 
Can gain internal energy. But the sum of the internal ener- 
gles of all the bodies added to their mechanical energies 
Temains constant for the given system. 

ow let us turn our attention away from mechanical 
energy. We consider two instants in time. At the first 
instant, the bodies were at rest, then certain events oc- 
curred, and at the second instant the bodies are again 


at rest. We are certain that the internal energy of all the 
onstant. But some bodies 


bodies in the system remained c: 
d energy. This could hap- 


have lost and others have acquire L 
pen in two ways. Either one body performed mechanica] 


work on another (for example, by compressing or 
stretching it), or one body transferred heat to another 


body. 
_ The first law of thermodynamics states that the change 
in the internal energy of a body is equal to the sum of 
fae work done on the body plus the heat transferred to 
it. 

nt forms in which energy 
dy to another. Heat ex- 


Heat and work are two differe 
dered collisions of mole- 


can be transferred from one bo 
change is accomplished by disor 


15-1179 
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. : ole- 
cules. Mechanical energy is transmitted with me ranks” 
cules of one body aligned in orderly “rows an 
transferring their energy to another body. 


How Heat Is Converted into Work 


d 
The word “heat” in this heading has been enpo 
somewhat carelessly. As mentioned immediately a 
heat is a form of energy transfer. Consequentlys : 
more proper formulation of the question wou y 0 
ow to convert thermal energy, i.e. kinetic energi i 
molecular motion, into work. But the word will 
customary, concise and expressive. We hope the reader “he 
not be confused if we continue to apply the word in 
sense we have just accurately defined. 


n 
There is certainly plenty of heat around us. But: re 
fortunately, Boge J i n is ê 


all of this energy of molecular motion sto 
solutely useless insofar as it cannot be converte our 
work. Such energy cannot be ranked in any way among 
ae resources. Let us look into this matter. 


. ib- 
_A pendulum which has been deflected from its eani of 
mium position will sooner orlater come to rest, a Whe nd, 
an upside-down bicycle, which has been spun bY top 
will make a lot of turns, but it, too, will eventually fant 
law. a ae exception to the following imP nding 
us will eventuall 


taneously moving bodies surroU 
If there are tw 


y come to rest.* id, 
è o bodies, one heated and the other o atil 
heat will be transferred from the former to the latter U ps 
their temperatures are equalized. Then the heat ee 
fer will cease and the states of the bodies will § 
changing. Thermal equilibrium will set in. ous 
There is no phenomenon whereby a body spontane at 
ly leaves a state of equilibrium. A wheel on an 2* 


TAN ry 
a : slato 
Here, of course, we do not have in mind a uniform tran‘ pole 
motion or a uniform rotation of a systom of bodies 83 
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i never starts turning by itself. Neither does it happen 
at an ink-well on a table warms up by itself. 

: _ tendency towards equilibrium implies that events 

ake a natural course: heat passes from a hot body to a 

cold one, but cannot spontaneously pass from a cold bo- 


dy to a hot one. 

_As a result of air resistanc 
sion, the mechanical energy of an oscil 
will be converted into heat. However, not under any con- 
ditions will a pendulum begin swinging at the expense of 


the heat of the surrounding medium. Bodies come to a 
nnot leave it spontaneously. 


state of equilibrium, but ca 

This law of nature shows at once what part of the energy 
surrounding us is absolutely useless. This is the energy of 
the thermal motion of the molecules of those bodies which 
are in a state of equilibrium. Such bodies are incapable 
of converting their energy into mechanical motion. 

This part of the energy is immense. Let us calculate 
the value of this “inaccessible” energy. If the tempera- 
ture is lowered by one degree, then a kilogram of earth, 
having a heat capacity of 0.2 kcal/kg, loses 0.2 kcal. 
A relatively small figure. However, let us estimate how 
much energy we would obtain if we were able to cool 


by only one degree a substance with the mass of the 
e obtain an 1m- 


Earth, i.e. 6 x 10% kg. Multiplying w j 
mense figure: 1.2 X 40% kcal. In order that you might 
peme this value, let us state at onc that at ihe pers 
ime, the yearly energy output of all the electri 
se in the world oY al to 101-108 kcal, i.e. about 
athousand million times less. 

We needn’t be astonished py the fact that such calcu- 
lations act hypnotically om poorly informed inventors. 

e have spoken above of attempts to construct a perpet- 
ual motion machine (“perpetuum mobile”) creating worl 
out of nothing. Operating with the principal proposi- 
tions of physics following from the law of conservation 


e and friction at the suspen- 
lating pendulum 


1s* 


= 
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à ith the 
of energy, one cannot possibly refute „this law bie 
creation of a perpetual motion machine (we sind) 
call it a perpetual motion machine of the first kin ertain 

he same sort of error is also committed by S per 
cleverer inventors, who create models of a are 
forming mechanical motion at the expense of nothing chines 
cooling the medium. Such, alas, unrealizable ae kind 
are called perpetual motion machines of the secon yentot 
Here, too, a logical error is committed, since the quences 
bases himself on laws of physics, which are onal Ta of 
of the law by which all bodies tend towards a $ refut? 
equilibrium, and with the aid of these laws, tries tO 
the foundations on which they are based. merely 

‘hus, it is impossible to produce work by tem of 
taking heat from a medium. In other words, a SYS 


me ically 
odies in equilibrium with each other is energeti® 
barren, 


tion 


is pos 
: energy of bodies into wat Saa no 
T; $ ni f 
in equilibrium witht ot only those bodies whic mk 
among the energy reser A se to pee fy 
e law which yó ves which are of u g! 


: e iMP 6 
bility of build; ave just expounded, the Tie se 


u 
ergies les, the 5" go 
appearance of some i of the molecu R 
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strange. Why is the law of conservation of energy formu- 
lated for molecules insufficient to explain all phenomena 
in nature? 

In short, this poses the following question: Why do 
molecules behave so that when left to themselves they 
tend towards a state of equilibrium? 


Entropy 


This question is very important and interesting. In 
order to answer it, we will have to begin from afar. 
Frequently encountered events that occur at every turn 
are said to be highly probable. On the contrary, events 
that occur thanks to a rare coincidence are regarded as 


improbable. i i 

An improbable event does not require a display of any 
Supernatural forces whatsoever. There is nothing Popor 
sible about it, nothing contradicting the laws o. n u ; 
And nevertheless, in many cases we are p anes zits 
that the improbable is identical with the ae ENA 

Consider a lottery prize-list. Count the T gs il 
ning tickets whose numbers end with a 4, ae t approxi- 
not be the least bit surprised when you ie a i eac 
mately one-tenth of the winning tickets orre ea Sa 
digit. Well, but perhaps tickets with numbers en E of 
5 were to make up one-fifth of the vie halt of the 
one-tenth? Unlikely, you say. Well, an b s? No, that 
winning tickets were to have such AT therefore, also 
Would be absolutely improbable ..., an i 


impossible. 

tec on what conditions are necessary foran aroi 
to be probable, we arrive at the olone sa di 
the probability of an event depends Ge ter this num- 
ways in which it can be realized. TAEA 3 ccur 
ber, the more frequently will such an event occur. 


Molecules 2 


More precisely, the probability is the ratio of Gas esio 
ber of ways of realizing a given event to the numbe 
ways of realizing all possible events. poard 

Write down the numbers from 0 to 9 on ten card ote 
discs and place them in a sack. Now pull out a disc, a 
its number and put it back in the sack. This is very you 
like a lottery drawing. It can be confidently said tha imes 
will not draw one and the same number, say, seven t 
if you devote an entire evon naoi 
tion. Why? The drawing of pever ten 
n event which is realizable in oniy 


total 
nes, 7 twos, etc.). But there “Therefor 
i 


of 107 


If blac whi i i box 

k ite grains are poured into a 
mixed with a shovel, the grains will very soon be ing UP 
a handen mly throughout the entire box. Scoop’? yj- 
maa 3 of grains at random, we shall find apk, jt. 
No matt “pete number of white and black grains ways 
er how sinh we mix them, the result ae e pt 
Uniformity is pr . But why ®,, we 
tha Separation of the grains Ae ae Why wor the 
i : ï black grains to the top apis- 
ine grains to the bottom Ey abaia of a prolonge‘ jjjty 
he Wate | too, it is entirely a matter of proba ry 
i.e. black o hich the grains are distributed aiao 1 
can be realize white grains are uniformly intermit? gp 
sequently gat an enormous number of ways we tbe 
taa ie —— the greatest probability: n the 


in which all t i ins are Oe. 
Therefore, thy 22, grains atthe bottom =. 
small, ` ° Probability of its realization is Dee 
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We can easily pass from grains i 

l grains in a sack to the mole- 

oulas that bodies are made of. The behaviour of m 
nomad a ie to chance. This can be seen particularly 
pee in the case of gases. As we know, gas molecules 
beet se randomly and move in all possible directions, 
fen one speed and then with another. This eternal 
mal motion continually reshuffles the molecules, 


mixes them like a shovel mixes the grains in a box. 
w is filled with air. Why 


wah room in which you are no 
i t i happen at some moment that the molecules in the 
A wor half of the room pass into the upper half—under the 
eiling? Such a process is not impossible—it is very im- 
probable. But what does very improbable mean? If 
d million times less 


such a phenomenon were even a thousan 
probable than a disordered distribution of molecules, 


Someone might nevertheless observe it. Will we really 


observe such a phenomenon? 
A computation shows that such an event for a 1-cm° 
x10 cases. It 


vessel in volume takes place once in 108 
tinction between the words 


hardly pays to make a dis 
extremely improbable” and “impossible”. For the num- 
ber written above is unimaginably great; if we divide it 
by the number of atoms not only on the Earth but also in 
the entire solar system, it will still remain enor- 
mous. 

But what will the state of the gas molecules be? The 
most probable one. And the most probable state will be 
that which is realizable in the greatest number of ways 
(the molecules will all be distributed at random) for 


which there are approximately the same numbers of mol- 
ecules moving to the ri the left, upwards as 


ght as to 
dentical numbers of 


downwards, for which one finds i l 
the same proportion of fast 
nd lower halves of the 


molecules in equal volumes, 
and slow molecules in the upper a à 
disorder, i.e. from the 


vessel. Any deviation from such a c L 
random intermingling of molecules with respect to posi- 
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in probability: 
tion and velocity, is linked with a decrease in proh 
or, more concisely, is an improbable a intermin- 
On the Contrary, phenomena linked yin r increase the 
gling, with the creation of disorder out of or he nomena that 
probability of state. Hence, it is these phe The law 0 
will determine the natural course of iil FEM of t 
the impossibility of a perpetual motion ma nd towards 
second kind and the law by which all bodies = hy is 
an equilibrium state receive their explanation. 


imply 
3 ? Simp? 
mechanical motion transformed into thormar i 
because mechanical motion is ordered an 
disordered 


. The transiti 
creases the probability 


e 
P e deg!® 

hysicists called the quantity characterizing ie aber 0 
of order and related by a simple formula to the 


5 e for- 
es entropy. We shall not give Maity: 
only say that the greater the pro 
the greater the 


5 r in- 
on from order to disorde 
of state. 


ts: 

. , . asse! 

ure which we are now monary a pro? 
Proceed in such a way that 

ability of State incre 


+. game law 
ases, In other words, this $ a 
of nature c 
tropy. 


d as the law of increasing 
st ime 
The law of increasing entropy is one of the mriculat 
portant laws of n ture. From it follows, in pa 3 
the impossibility of he as: 


of 
tale e 
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of increasing entropy, as follows from what has been said 
above, it is applicable only to sufficiently large colleptions 
of particles and is simply impossible to formulate dor 
individual molecules. , 

The statistical (this means pertaining to : lane ie 
lection of particles) character of the second ae nifi- 
modynamics does not in the least diminish its hi di- 
cance. The law of increasing entropy predetermine aiid 
rection of processes. In this sense, entropy er energy 
the managing director of natural resources, W 
Serves as its bookkeeper. 


Fluctuations bring a sys- 
We have seen that spontaneous Be a see in en- 
tem to its most probable state, 1.°- aa sotib maximum, 
tropy. After the entropy of a system has be 
equilibrium is reached. eans im- 
But a state of equilibrium does not ge E takes 
ply internal rest. An intensive es speaking, 
Place within the system. Theres a at each instant: 
any physical body “stops being wee s at every Succes- 
the mutual distribution of its molecu s the preceding one. 
sive moment is not the same as ii W sjca] quantities are 
Consequently, the values of all pava are not exactly 
conserved only “on the average”; they f° yary around 
equal to their most pro be able values at equi- 
them. Deviations from the mos alues of the various 
librium are called fluctuations. eke The greater the 
fluctuations are extremely neg pane it is. 
vaya E A 
lue ©: i uantity 
ction oF te “magnitude a es of uhe chaotic 
interest by which it can change as a be approximately 
thermal iotion of molecules, can 


= N is the num- 
represented by the expression 4/V Ñ, where 
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a of it, which 

ules in the body, or in that part a appre” 

= rae eed Therefore, Daama ee of mole- 

ciable for systems consisting of a - ren bodies co 

cules, and completely insignificant ti : of molecules: 
taining millions of millions of millions 


ic centimellé 
The formula 1// NW shows that in one ct also any 
of a gas, the density, pressure, py an <a. By not 
other properties can change by V3 x ae emali to t 
more than 10-78%. Such fluctuations are s are entirely 
detected experimentally. However, TNS Here N T 
different for a volume of a cubic micromet asurable V’ 
=3 X 407 and fluctuations will attain spines 
ues of the order of hundredths of a per cen eA 
A fluctuation is an “abnormal” phenomenon 


0 
tate 
A Aa robable $ at 
that it implies a transition from a more prona ago: Mise 
a less probable one. In the course of a fluctuation 
transfers from 


iform © n 
a cold body to a hot one, the unilor stjo 
tribution of m 


the sense 


olecules is violated and an ordere el- 
sets in. acting 8 pen af 
Will someone perhaps succeed in construc the bas! 
ual motion machine of the second kind on qi 
these violations? pine place vay 
Let us imagine, for example, a tiny tur! such aN in 
a rarefied gas. Can't we arrange things in $ 
that this sma i 


ions i" 

ictuatl ya 
ll machine would react to all flu le, 50 the 
ed direction? For example 


mall tremors might be aae m 
y giving rise to work. The law haa the § 
Possibility of a Perpetual motion machine jne 
kind would be refuted. : ible in Paot 
But, alas, such a mechanism is ipes cuca we the 
ple. A detailed examination, taking into E 
that the turbine would have its own fluc 
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a me smaller its dimensions), shows that fluctua- 
a pied perform any work whatsoever. Although 
ie ae ns of the tendency towards equilibrium continual- 
Sa e around us, they cannot change the inexorable 

se of physical processes in the direction increasing the 


probability of state, i.e. entropy- 


Who Discovered the Laws of Thermodynamics? 
a it is impossible to limit ourselves to a single 
fone The second law of thermodynamics has its own 
E ory. Here, too, just as in the history of the first law 
o thermodynamics, the name of the Frenchman Sadi 
porani should be mentioned first of all. In 4824, he pub- 
ished a work entitled Reflections or the Motive Power of 


Fire at his own expense. It was first demonstrated in 
‘om a cold body to a 


this work that heat cannot pass fro 

warm one without the con f work. Carnot also 
showed that the maximum efficiency of a heat engine is 
determined only by the difference in the temperatures of 
the heater and the cooling medium. E 

Only after Carnot’s death in 1832 did other physicists 
pay attention to this work. However, it had little influ- 
ence on the further development of science because all of 
Carnot’s writings were ition of an inde- 
structible and uncreatable “substance” —caloric. 

Only after the wor Joule and Helmholtz, 
who established the law of equi e of heat and work, 
did the great German physicist Rudolf Clausius, (1822- 
1888) arrive at the secon of thermodynamics an 
formulate it mathematically. Clausius introduced the 
concept of entropy and showed that the essence of the 
second law of thermodynamics can be reduced to the 
inevitable growth of entropy in all real processes. 

The second law of thermodynamics permits one to for- 
mulate a number of general laws which all bodies should 
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obey, regardless of their structures. However, there still 
remains the problem of finding the relationship between 
the structure of a body and its properties. The branch of 
Physics, which is called statistical physics, gives an answer 
to this question. 

i It is clear that in calculating physical quantities de- 
scribing a system consisting of millions of millions of 
millions of particles, a new approach is absolutely nec- 
o ry: In fact, it would be pointless, not to say complete- 
y impossible, to follow the motions of all the particles 
and describe this motion with the aid of formulas of me- 
chanics. However, it is precisely this enormous number of 
particles which enables us to apply new “statistical” 
methods to the study of bodies. These methods widely 


use the concept of the probability of events. The founda- 
he outstand- 


tions of statistical physics were laid down by t 
‘ng Austrian physicist Ludwig Boltzmann (1844-1906). 
In a series of papers, Boltzmann showed how the indicated 
Program can be carried out for gases. 
he statistical interpretation of the second law of ther- 
Modynamics given by Boltzmann in 1877 was the logi- 
Cal culmination of these investigations. The formula 
relating the entropy and probability of state of a system 
Was carved out on Boltzmann’s tombstone. = 
It would be difficult to overestimate the scientific 
achievement of Boltzmann, who discovered completely 
new paths in theoretical physics. Boltzmann's inves- 


oe 


he introduced. Clausius was one of the 
at capacity of polyatomic 
s. Clausius’ work in the 
f statis- 


Acct of entropy which 
irst to consider the questions of the he 
Bases and the thermal conductivity of gase 
Kinetic theory of gases contributed to the development ot stati 
tical concepts of physical processes. A series of interesting in- 
Yestigations into electrical and magnetic phenomena are due to 


Clausius, 
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j is lifetime 
tigations were subjected to ridicule during is oon 
by conservative German professors: at mer n ih a 
and molecular conceptions were regarde a y le played 
naive. Boltzmann committed suicide, and T e r far 
by the situation just described was undou 
rom the least important. 4 
a edifice of Teaiiatieal physics was at Dor 
considerable degree by the work of the eter te Gibbs 
ican physicist Josiah Willard Gibbs (1839- ‘a wea how 
generalized Boltzmann’s methods and s ni alee 
one might extend the statistical approach toa of the 

Gibbs’ last paper appeared at the beginning lished 
20th century. A very modest researcher, Gibbs F ial ate 
his papers in the proceedings of a small a until 
versity. A considerable number of years had passe ar 
his remarkable investigations were made known 
physicists. ; a 

Statistical physics has shown the way in which gees 
calculate properties of bodies consisting of a given cant 
ber of particles. Of course, it should not be thought 


the 
these computational methods are all-powerful. If 
nature of th 


‘ m- 
e motion of the atoms in a body is very ©° 
plicated, as 


. ta- 
is the case for liquids, the actual compu 
tion becomes unfeasible in practice. 
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Chains of Atoms 
ve been dealing for a 


Chemi 
emists and technologists ha 
ces consisting of long 


on, i ps 

me with natural substan 

a chain W which the atoms are pound like the links of 

substance e find examples on every hand: abundant 

chain-t s as rubber, cellulose and protein constitute 
ype molecules made up of many thousands of 


atom. 
s. The structural conceptions of such molecules were 
when chemists 


an 

emma and developed in the twenties, 

Ties. to produce such substances in their laborato- 
substances built of 


(0) 
ne of the first steps in producing 

tion of synthetic caout- 
mpleted in 4 


13 Kovi chemist Sergei pedev (1874- 
E ee he industrial production oF 33 t 
rude rubber is called) was 4 vital problem ìn the 
of a as it was in great e manufacture 
fae ee tires (rubber is made of caoutchouc, OT 
topic ee and because the 
al climate for its cultivation. 
ourishes in the 


ie eae or simply rubber, tree fl I a th 
Ao ian jungle and from it 00zeS latex, a milky liquid 
is a suspension of Cr pber. The Brazilian 


ndi 
be made balls of crude 
80) 6 footwear. But in 1839, 
originated the process for vulca 
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i jecting 
ber. Treating crude rubber with sulphur ape into 
it to heat convert the sticky plastic cru 

ic rubber. sai 
git the demand for rubber was low, hienn gl- 
kind requires millions of tons annually. e e oplos 
teady mentioned, rubber trees grow mi oe mits 
forests so that countries in cold or temper: S oivia scale 
produce synthetic rubber in plants on an ting 
to avoid dependence on crude engine oca of 

© produce synthetic crude rubber, it i ehano) iS 
course, to know what crude rubber (aput chemica 
When Lebedev began his investigations, 


t has the 
formula of crude rubber was already known. I 
following form: 


0H ri 
CH—CH,  /CH,—CH, Gls Sc=CH 
7 Nc=cH Nc=CH VA 
CH; CH, iii ww 
i d. Wwe 
The chain shown here has neither beginning nor en 
See that the 


:Tontical links. 
molecules are built up of identica 


y in 

rubber 
We can therefore write the formula for crude 
a more concise form: 


D aa — 
CH, ai 
-Cha 
The quantity » May reach many thousands. A polymers. 
molecules built of Tepeating groups are calle have found 
An enormous number of synthetic polymers nd in 
most extensive application in engineering @ 
textile industrie 


lene, 
S. They include nylon, pea 
Capron, polypropylene, polyvinyl chloride and m 
others. 


n 
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Figure 9.4 


Of simplest structure are the molecules of polyethylene. 
ags of this material are found in the kitchen tables of 
ouses and apartments almost all over the world. If 
a molecule of polyethylene is stretched as far as it will 
go, it resembles the illustration in Figure 9.1. As you 
can see, physicists were able to determine the distances 
between the atoms and the angles between the valence 
onds, 
. Long-chain molecules are not n 
Ch they do not necessarily consi 
emists have learned to “desig: 
of two or more different groups. I 
araa ania order, ft eee ; 
ment „itiss k 
such a a wear. We often deal, however, with 
molecules not having such an ordered sequence. Can we 
Call a molecule with the arrangement ABBBABABAAA- 
BBBBABABAABBA a polymer? This, however, isa matter 
or tas i ma iffer. 
te and tastes in names may a niod a polymer, 


A natural protein molecule is rarely ci ) 
Proteins are Puit up of some twenty pieces of different 


inds. These pieces, or building blocks, are called amino 
acid radicals. 


16-1179 


ecessarily polymers, 
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There is one essential difference between soe atl 
cules and synthetic molecules built up of oe ‘a 
arranged in disorder. No two molecules are eet aes 
a piece of synthetic polymer. Such a chain mo n e 
consist of one random sequence of componen a 
with another, different random sequence in another rop- 
ecule. This usually has a detrimental effect on ene co 
erties of the polymer. If the molecules do not A In 
another, they cannot be efficiently packed toge aryatal, 
principle, such molecules cannot build up a i 
Substances of this type produce amorphous g build 

In the last decades, chemists have learned se atie 
regular polymers, and have thus made many valu 
materials available to industry. 


to natural proteins of a definite type (say the pe 
oglobin of a bull), the molecules are all the yee cule 
though they have a disordered structure. A mo = > 
of protein of a given sort can be compared to a pagi but 
a book: the letters follow one another in a random, are 
quite definite order. All the molecules of a protein £ 
Copies of the same Page of the book. 


Flexibility of Molecules 


A long-chain molecule can be likened to a rail. A tthe 
0.1 mm long can accommodate a million atoms. 
crosswise dimension of 


a molecule of polyethylene is 
about 3 or 4h. Thus the 


This does not imply, 


er polymer molecules. Unless Special measures are taken, 
we find in a polymer 
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Figure 9,2 


len 
gths, from one consisting of several groups to those 


u 
ilt up of thousands of groups. 
molecule to a rail. In another 


Tı . 

Pi understand that t 

Mu es enables them to assu 
strated in Figure 9.2 is a model o 
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in three positions. If a molecule is suspended in a solu- 
tion, it is usually coiled into a ball. P 
The stretching of a rubber band consists in the uncoil- 
ing of its molecules. Thus, the flexibility of polymers is of 
an entirely different nature than that of metals. If the 
stretched band is released, it contracts to its former length. 
Hence, the molecule tends to go over from its linear 
(stretched) shape to a coiled one. Why does this occur? 
There are two Possible reasons. In the first place, we can 
assume that the coiled shape is more advantageous from 
energy considerations. In the second place, we can sup- 
Pose that coiling contributes to an increase in entropy- 
Hence, which law of thermodynamics governs this be- 
aviour: the first or the second? Evidently, both. But the 
coiled State is doubtlessly advantageous from the entropy 
viewpoint as well. Obviously, the sequence of the atoms 
of molecules coiled into a ball is in more disorder than 
when the molecules are Stretched out in a straight line- 
i know that disorder and entropy are closely re- 


Globular Crystals 


Many 
coils or 


molecules are ca 
a as th 
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Figure 9,3 


ily visible under an electron microscope. The first elec- 
tron micrographs of globular crystals were obtained 
Several decades ago, when electron microscopy tech- 
niques were considerably less advanced than they are to- 
day. Such a photograph of the tobacco mosaic virus is 
shown in Figure 9.3. A virus is more complex than a 
Protein, but this example is quite suitable to illustrate 
our point, the tendency of piological globules to an ex- 
Ceptionally high degree of order. , 

But why haven’t the authors provided a micrograph 
of a protein crystal? The answer is simple. Protein crys- 
tals are absolutely extraordinary. They contain an im- 


mense amount of water (sometimes up to 90%). This 
them in an electron 


makes it impossible to photograph : 

Microscope. Protein crystals can be investigated only by 
Manipulating them ina solution. A tiny flask contains the 
Solution and a monocrystal of the protein. This object 
Can then be studied by all available physical methods, 
cluding X-ray structure analysis, which we have re- 


Peatedly mentioned. : 

Notwithstanding the huge amount of water—ordinary 
Water, no different from tap water—the globular protein 
molecules are arranged in absolutely strict order. Their 
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: r all 
orientation to the axis of the crystal is thie eame on or 
the molecules. We have already mentioned tha iTe te 
ecules are identical. This superior order aint This 
structure of the protein molecule to be ag oe 
is no simple task and the investigators Max (b. 1917); 
Perutz (b. 1914) and John Cowdery oe, aie S 
the first to determine the detailed structure o A Tar 
bin and myoglobin, were awarded a Nobel prize 

; , les 
"Tho structure of about a hundred poran molen 
is known today. Research continues in this fie aac i 
gether, there are about ten thousand different Pr ganism 
a living organism. The activity of the living oiled and 
depends upon the way in which the proteins are a follow 
in which order the different amino acid radica 


ch con- 
one another in the molecule. No doubt that T oaio 
cerning the structure of protein molecules wi 

until all the details 


: lecules 
of the ten thousand kinds ot mo Tsared 
that govern life processes have been completely 
up. 


Bundles of Molecules 


y are 
If molecules can be closely packed when they a 
stretched to the] 

prise can form y 


Sion are packed, the polymer Pi 
sesses a certain “degree of crystallinity”. Most polym or 
object to being simply classiñed as either amorphous w 
crystalline solids. There is nothing strange in this beca 

we are dealing with g 


. t- 
lant molecules and, moreover, mos 


Figure 9.4 


ly of different kinds. Ordered (“crystalline”) regions in 
polymers can be roughly divided into three classes: 
bundles, spherulites and crystals of folding molecules. 

A typical microstructure of a polymer is shown in Fig- 
ure 9.4. This photograph has been magnified 400 times 
and was made from a film of polypropylene. The star-shaped 
figures are kinds of crystallites. The growth of the spher- 
ulite began from the centre of the star as the polymer was 
cooled. Then the spherulites met and interfered with one 
another’s growth. Consequently, they did not acquire a 


perfect spherical shape (if you succeed in observing the 
growth of a separate spherulite, you will actually see a 
sphere, so that the name is justified). Inside the spheru- 
lite, the long molecules are arranged with sufficient neat- 
ness. Most likely, a spherulite can be envisioned as a 
neatly coiled rope. The rope represents a bundle of mol- 
ecules. Thus the long axis of the molecules is positioned 


perpendicular to a radius of the spherulite. On the same 
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Figure 9.5 


ist 
We see lamellar Tegions. These may gonan. 
l eS, or they may be crystals of 


00. i ? 

hen we discussed cry. a rina a 

ted one important Circumstance 
plane (face) of a crystal is completely filled with atoms- 
o positions remain that attract new atoms strongly 
enough. This being the fase, it can be calculated that 
growth should Proceed at an inconceivably slower rate 
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Figure 9.6 


than that actually observed. This contradiction between 
finally solved: such rapid crystal 


ible when there are screw disloca- 
ystal. If there is a screw disloca- 
that the steps at which new atoms 


ricated them from their 


dilemma. The growth rates became clear as did the essence 
r winding staircase feature indicated above for pa- 
h n. Such spiral pyramids are frequently observed, and 
ere is nothing strange about the fact that they exist. 
Nothing strange while we are referring to crystals 
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5 : the 
mains is to ponder (and such pondering continues tO 
present day) over th 


f ances 
three models illustrated in Figure 9.6. The are 
between the models are only minor ones. However, 4 
cialist in this field will 


The specialist is right: the 
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Muscular Contraction 


b We shall complete our discussion on giant molecules 
y considering an example that demonstrates how macro- 
molecules behave in a living organism. 

Biologists considered it to be their task to explain the 
Conformity of the shapes of living organs—for instance, 
the shape of the hand or a leaf of a tree—to the functions 
of the organs. 

Physicists, having decided t 
Vestigating the structure of mat 
in studying processes that occur in living organisms, are 
Making efforts to understand life at the molecular level. 

he structure of tissues can be investigated today in 
great detail. After establishing the structure, it becomes 
feasible to develop a model of piological events. 

A quite significant achievement in this line isthe advance- 
ment of the theory of muscular contraction. The mus- 


cle fibre consists of two types of threads: thin ones and 
k threads consist of pro- 


thick ones (Figure 9.72). The thic 
tein molecules called myosin. Physicists have estab- 
lished that a myosin molecule has the shape of arod with 
a thickening at the end. In the thick thread, the mole- 
Cules join with their thickened tails in the middle (Figure 
9.7c). The thin threads consist of actin whose structure 
resembles two strings of beads forming a double helix. 
Muscle contraction consists in the thick threads sliding 

thin threads. 


into the helixes of the 
The details of this mechanism are known, but we cannot 


discuss them here. The signal for a muscle contraction is 
given by a nerve pulse. Its arrival releases atoms of cal- 
Cium which transfer from one part of the thread to another. 

Sa result, the molecules turn towards one another so 
that it becomes advantageous from an energy viewpoint 
for one set of molecules to slide into the other set. The 


o apply methods for in- 
ter and the laws of nature 
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ee 
But our aim was only a ie 
e last page of this Se eu 
a ) as only a preview of a detailed disc’ 
sion on biological ph 


‘i in 
ysics which we hope to include 
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Physical Bodies 
L. D. LANDAU, A. I. KITAIGORODSKY 


In this first book of the famous series Physics for Every- 
one by the late renowne 


d scientist, winner of the pore 
and Lenin prizes, Academician Lev Landau, and jio 
distinguished physicist Alexander Kitaigorodsky, the of 
tion of bodies is dealt with from the points of VEW r 
two observers: one in an inertial and the other in a EA 
inertial frame of reference. The law of universal BEANS 
tion is discussed in detail, including its application ae 
calculating Space velocities and for interpreting lun 
tides and various geophysical phenomena. n 

he principal aim of the book is to explain to a layman 
reader in an €asy-to-understand manner the basic con 
cepts and latest developments in the field of physics. 


Electrons 
A. KITAIGORODSKY, D.Sc. 


The book continues the famous series Physics for 
Everyone by the late renowned scientist, winner of 
the Nobel and Lenin prizes, Academician Lev Landau, 
and the distinguished physicist Alexander Kitai- 
gorodsky. The principal aim of the book is to explain 
to a layman reader in an easy-to-understand manner 
the basic concepts and latest developments in the 
field of physics. 
The book provides information on the general theory 
of electric currents and electromagnetic fields, as 
well as on current flow in liquids, metals and semi- 
conductors. A discussion of present-day knowledge 
of dielectrics and magnetics is included to widen 


the scope of the book. 


Photons and Nuclei 
A. KITAIGORODSKY, D.Sc. 


des the famous series Physics jor 

Everyone by the late renowned scientist, winner 
of the Nobel and Lenin prizes, Academician Lev 
Landau, and the distinguished physicist Alexander 
Kitaigorodsky. This book discusses in a simple an 
easy-to-understand e phenomena of electro- 
magnetic waves, thermal Tadiation, and the most 
N f spectroscopic analysis. It provides 

the ‘troduction to nuclear physics and explains 
lasers. It outlines the 


e special theory of relativity 
and quantum mechanics. 
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Physics for Everyone Book 2 


This is a new edition of the second half of 

Physics for Everyone: Motion and Heat by 

L. Landau and A, Kitaigorodsky. The aim of 

the book is to provide the reader in a simple 

and intelligible way with a clear conception of 

the basic ideas and most up-to-date achieve- ' 

ments in modern physics. The reader is of- 

fered an acquaintance with the various phase à 
states of matter, with the structure and t 
properties of liquid and solid.solutions, with p 
chemical reactions and the law of conserva- 
tion of energy at the molecular level. This 
book of the series Physics for Everyone, as 
well as the two subsequent books (Electrons, 
and Photons and Nuclei), continues the 
presentation of the fundamentals of physics. 
The book was written for a wide range of 
readers, from those making their first acquain- 
tance with physics to university graduates, 
non-experts in this particular field. It can 

well be employed as a teacher's aid for 
enlivening the teaching of physics on the 
school level. 
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